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ABSTRACT 
Electroplated zinc finishes have been widely used in the packaging of electronic 
products for many years as a result of their excellent corrosion resistance and 
relatively low cost. However, the spontaneous formation of whiskers on zinc 
electroplated components, which are capable of resulting in electrical shorting 
or other damaging effects, can be highly problematic for the reliability of long 
life electrical and electronic equipment. To date, most research has focused on 
tin whiskers and much less attention has been paid to zinc whisker research. A 
number of mechanisms to explain zinc whisker growth have been proposed, 
but none of them are widely accepted and some are in conflict with each other. 
This study has investigated the mechanism for whisker growth from three 
commercial zinc electroplated coatings on mild steel substrates. Firstly, whisker 
growth from an alkaline cyanide-free zinc electrodeposit was studied. A 
reduction in deposition current density (from 50 to 5 mA/cm2) and an increase 
in deposit thickness (from 2 to 15 µm) both contributed to reduced whisker 
growth. In terms of the mechanisms of whisker growth, it was observed that the 
presence of spherical raised surface features (nodules) with cavities beneath, 
promoted whisker growth by markedly shortening the incubation time from ~ 5 
months to ~ 4 weeks. More importantly, the time dependent recrystallisation of 
the as-deposited columnar structure is closely associated with whisker growth 
from both nodules and planar regions of the deposit. The formation of Fe-Zn 
intermetallic compounds (IMCs) was not observed at either the Fe/Zn interface 
or within the electroplated coatings and does not appear to be associated with 
Zn whisker growth. 
Whisker growth from an acid chloride zinc electroplated coating and a Zn-Ni 
alloy electroplated coating were also investigated. These two coatings were 
immune to whisker growth after 18 months of storage at room temperature, 
regardless of deposition current density, deposit thickness and substrate 
surface modification.  
 
Finally, the effect of potential mitigation strategies on whisker growth was 
evaluated. Exposure to elevated temperatures (50 to 150°C) for 24 hours 
promoted whisker growth by reducing the incubation time for whiskers to first 
appear from less than 4 weeks to less than 10 days, whilst whisker growth was 
significantly retarded when samples were subjected to a short period of thermal 
treatment (50 to 150°C) for 0.5 hour. More importantly, for a short period of 
thermal treatment, whisker mitigation became increasingly effective as the 
treatment temperature was raised. In addition, the formation of a trivalent 
chromium passive coating on the alkaline cyanide-free zinc electrodeposits 
immediately after deposition was not an effective mitigation method to retard 
whisker growth. 
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mild steel substrates at a) 5 mA/cm2, b) 20 mA/cm2 and c) 40 mA/cm2 
Figure 4.3.7 EBSD analysis of a FIB lift-out section showing the cross-sectional 
microstructure of a 6 µm Zn-Ni coating electrodeposited on mild steel substrates at 
25 mA/cm2 
Figure 4.3.8 X-ray diffraction patterns for 6 µm Zn-Ni coatings electrodeposited on 
mild steel substrates at various current densities 
Figure 4.3.9 Zinc Nickel thermal equilibrium diagram 
Figure 4.4.1 FEGSEM images showing the difference in whisker growth between a 6 
µm alkaline zinc coating electrodeposited on mild steel at 25 mA/cm2 and then 
thermally treated at 100ºC for 24 hours and a similar sample with no thermal 
treatment after different storage time 
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Figure 4.4.2 FEGSEM images showing, 10 days after deposition, whisker growth 
from the surface of a 6 µm alkaline zinc coating electrodeposited on mild steel at 25 
mA/cm2 and then thermally treated at 100ºC for 24 hours: a) a high density of 
whiskers and b) a short whisker filament growing from the planar regions of the 
deposit  
Figure 4.4.3 FEGSEM images showing, 20 months after deposition, whisker growth 
from 6 µm alkaline zinc coatings electrodeposited on mild steel at 25 mA/cm2 and 
then thermally treated at various temperatures for 0.5 hour 
Figure 4.4.4 FEGSEM images showing, 20 months after deposition, whisker growth 
from the surface of 6 µm alkaline zinc coatings electrodeposited on mild steel at 25 
mA/cm2 and then thermal treated at different temperatures for 0.5 hours: a) and b) 
50ºC and c) and d)120ºC 
Figure 4.4.5 FEGSEM images showing, 2 weeks after deposition, the surface 
morphology of a 6 µm alkaline zinc coating electrodeposited on mild steel at 25 
mA/cm2 covered with a layer of chromium-based passive coating 
Figure 4.4.6 FEGSEM images showing the surface of a 6 µm alkaline zinc coating 
electrodeposited on mild steel at 25 mA/cm2 covered with a layer of chromium-based 
passive coating 2 weeks after deposition: a) cracks present on the planar regions of 
the deposit and b) cracks present on the surface of a nodule 
Figure 4.4.7 FEGSEM images showing, 8 weeks after deposition, whisker growth on 
the surface of a 6 µm alkaline zinc coating electrodeposited on mild steel at 25 
mA/cm2 covered with a layer of chromium-based passive coating 
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1. INTRODUCTION 
1.1 Background 
Metal whiskers are spontaneous growths that most often develop from metal surfaces. 
It has been observed that tin, zinc and cadmium surfaces, especially their 
electroplated coatings, are prone to develop whiskers. [1]. The growth of metallic 
whiskers is capable of inducing localised short circuiting and is problematic for the 
reliability of long life electrical and electronic components. Failures caused by whisker 
growth have been reported in telecommunications, military and aerospace based 
applications, with consequences ranging from mild inconvenience to complete system 
failures. Whisker growth is not a new phenomenon; the study of whiskers can be 
traced back to the 1940s when the presence of cadmium whiskers resulted in the 
breakdown of radio systems used in aircraft during WWǁ [2]. Since then, the study of 
metallic whiskers has been of great interest to investigators. During the past 70 years, 
researchers have been striving to address the problems induced by metal whisker 
growth and a considerable number of whisker-related papers have been published. 
However, most research has focused on investigations related to tin whiskers and 
today whisker growth on tin is a well-documented phenomenon. This is because tin 
has long been used as a surface finish on small, critical and more sensitive electronic 
components, where whisker growth may be particularly problematic. Limited attention 
has been paid to zinc and cadmium whiskers, due to both finishes being applied to 
larger and less sensitive applications.  
In recent years, zinc whisker research has become more evident and the number of 
publications related to zinc whiskers has increased significantly, especially after they 
were shown to be responsible for computer outages in the Colorado Secretary of 
State’s office in 2004 [3]. One of the biggest problems related to zinc whisker growth 
is their formation on the bottom surface of zinc-electroplated raised floor tiles used in 
computer rooms or data centres after many years in service (shown in Figure 1.1). 
Filament type zinc whiskers are prone to break off and be drawn into computer 
equipment by cooling fans, resulting in equipment failures [4].  
 
14 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1.1 Long filament-type whiskers growing from the surface of zinc-
electroplated raised floor tiles used in computer rooms after many years [4] 
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To date, several computer equipment failures have occurred that have been directly 
attributed to the presence of zinc whiskers on the bottom surface of zinc-electroplated 
raised floor tiles. Other electrical and electronic applications where electroplated zinc 
is used (e.g. packaging of electronics) are also suffering from whisker growth. As a 
result, increasing numbers of researchers have started to focus on zinc whisker growth. 
Compared with tin whisker research, much less information regarding zinc whiskers 
can be found in the open literature. For example, some studies with regard to the 
growth mechanism of zinc whiskers have been proposed, but the results of such 
studies are often conflicting and to date there remains no widely accepted growth 
mechanism in place. The influences of electroplating parameters (e.g. deposition 
current density and deposit thickness), storage conditions (e.g. storage humidity and 
temperature) and potential mitigation methods with regard to zinc whiskers are not 
clearly known.  
1.2 Aim of project 
The aim of this project was to undertake a detailed investigation of zinc whisker growth 
to establish the relationship between the characteristic structure of zinc 
electrodeposits and subsequent whisker growth. This was of particular interest since 
previous research had suggested that the grain size and structure and the 
crystallographic orientation of the deposit might have a strong effect on whisker growth 
[5]–[9]. Also, it was important to investigate the effect of deposition parameters (e.g. 
deposition current density, deposit thickness and substrate conditions) and storage 
conditions (humidity and temperature) on whisker growth. An important objective was 
to determine whether whisker growth can be reduced by controlling these key 
parameters. In addition, one other prime objective was to understand the formation 
and growth mechanism for zinc whiskers and the driving forces behind them, which 
has been rarely discussed in the literature. The final objective of this research was to 
find effective mitigation methods that can be applied to inhibit zinc whisker growth. In 
the current study, chromium conversion coating and post-electroplating thermal 
treatment were applied to zinc electrodeposits and their ability to inhibit whisker growth 
were investigated. 
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2. LITERATURE REVIEW 
This section begins with a brief introduction to metal whiskers, including their 
dimensions, industrial and scientific problems and early whisker research in general, 
followed by a thorough literature research regarding zinc whiskers, in terms of their 
growth mechanism, effects of various process parameters and mitigation methods. 
The last chapter of this section presents a review of zinc electroplated coatings that 
were investigated in this study (e.g. acid chloride zinc, alkaline non-cyanide zinc and 
zinc-nickel alloy electroplated coatings). Hot-dip galvanised (HDP) coatings are also 
introduced, since it was reported that zinc whisker growth was found on HDP coatings. 
 
2.1 Introduction to metal whiskers                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
Metal whiskers are spontaneous growths that can develop from metal surfaces. 
Whisker growth after deposition should not be confused with the dendritic growths that 
sometimes occur during the process of electrodeposition or as a result of 
electrochemical migration in electronic devices. It has been observed that tin, zinc and 
cadmium surfaces, particularly in the form of electroplated coatings, are prone to 
develop whiskers. Whiskers have also been found growing from other metal surfaces 
including indium and gold [1]. Normally, metal whiskers undergo an unpredictable 
incubation period ranging from hours to years, followed by an uncertain growth rate 
[1]. The growth morphologies of whiskers are also unpredictable; whiskers can grow 
straight or form kinked or curved eruptions (Figure 2.1). They may also form hillocks 
or eruptions with particularly complex shapes such as pyramids and spiral filaments. 
In this review, the term “eruptions” is used to refer to whiskers that form in the shape 
of curved growths after electrodeposition, which are different from the nodule-like 
growths that are formed during the electrodeposition of zinc. With respect to whisker 
dimensions, they are thinner than a human hair and virtually invisible to the naked eye 
(Figure 2.2). The typical dimension of a whisker is 1 to 5 µm in diameter and 1 to 500 
µm in length. In rare cases, whiskers have grown longer than 10 mm [10].   
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Metal whiskers are not a new phenomenon; in fact, the first publication with respect to 
metal whiskers can be traced back to the 1940s, which described an electrical problem 
caused by the presence of cadmium whiskers [2]. After that, metal whisker research 
has become of great interest to researchers, since many electrical and electronic 
failures have been attributed to the presence of these small metallic filaments. Among 
them, tin, zinc and cadmium whiskers are the most important and problematic for 
electronic and electrical apparatus. The vast majority of problems were induced by the 
formation and growth of these three kinds of metal whiskers. 
2.2 The hazards of whisker growth 
Tin, zinc and cadmium, usually applied as thin films on the outer surface of metal 
components, have been widely used for many years to protect substrate materials 
from corrosion and oxidation in electronic, automotive and aerospace industries. 
However, it is known that whisker growth from the surface of tin, zinc and cadmium 
coatings can be problematic for electronic and electrical apparatus, which not only 
a) b) 
Figure 2.2 a) Optical and b) scanning electron microscope (SEM) comparison 
between a human hair and a metal whisker [4] 
Figure 2.1 Different shapes of metal whiskers: a) A straight filament; b) 
kinked filaments and c) a curved eruption [10] 
a) c) b) 
20 µm 50 µm 50 µm 
20 µm 100 µm 
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pose potential threats for aerospace and military applications, but affect people’s daily 
life by causing malfunctions in personal electronic equipment.  
In essence, metal whiskers are metallic crystals with low electric resistivity (e.g. the 
resistivity of cadmium whiskers is nearly 400 ohms [11]). In other words, metal 
whiskers are highly electrically conductive and their growths inside electronic 
componentry are capable of resulting in short circuiting, voltage variances and/or other 
signal disturbances by producing an electrical bridge between two components. As a 
result, systems reset or electrical equipment failure may occur due to metal whisker 
growth. If sufficient electric current and/or voltage are available, a bridging whisker 
could also initiate a sustained metal vapour arc, which is capable of conducting 
hundreds of amperes [4]. Figure 2.3 shows that a tin filament whisker that grew long 
enough to produce an electrical connection between two diodes, resulting in a short 
circuit. 
 
 
 
 
 
 
 
Many components used in the electronics industry that include military, medical, 
telecommunications and commercial applications, are potential sources for metal 
whisker formation and growth. For instance, whisker growth has been found on the 
zinc-electroplated steel underside of raised floor tiles used in computer rooms (Figure 
2.4a), tin-electroplated copper leadframes used in the manufacture of integrated 
circuits (Figure 2.4b), tin-electroplated frames used inside air-spaced capacitors 
(Figure 2.4c), and cadmium-electroplated circular connector shells used on a thermal 
A long whisker 
Figure 2.3 A long whisker filament that produced an electrical bridge between two 
diodes [10] 
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vacuum test chamber (Figure 2.4d). The formation and growth of these whiskers is a 
potential threat for the reliability of the associated electrical components.  
 
 
 
 
 
 
 
 
 
 
 
 
Tin whiskers have been widely studied by researchers because tin has long been used 
as a surface finish on small and critical components; e.g. printed circuit boards (PCBs), 
terminals of packaged electrical devices, mechanical fasteners and connectors. It has 
been reported that tin whiskers were prone to develop on these surface finishes and 
resulted in a number of electrical failures [4]. The frequency of these kinds of failures 
has increased in recent years, since the distance between these small components 
becomes significantly shorter. In this case, tin whiskers do not have to be very long, 
since they are growing in a situation where they can readily bridge adjacent 
components and result in short circuiting. During the past 70 years, researchers have 
been striving to address the problems induced by tin whiskers and a considerable 
number of tin whisker-related papers have been published. It is widely acknowledged 
that tin alloyed with lead (Pb) (3 – 10 wt.%) provided effective tin whisker mitigation. 
However, the Restriction of Hazardous Substances Directive (RoHS) restricting the 
a b
dc
300 µm 
Figure 2.4 a) zinc whisker growth from zinc-electroplated steel underside of 
raised floor tiles; b) tin whisker growth from tin-electroplated copper leadframes; 
c) tin whisker growth from tin-electroplated frame used inside air-spaced 
capacitors and d) cadmium whisker growth from cadmium-electroplated circular 
connector shells [10] 
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use of certain hazardous substances (e.g. lead, cadmium, mercury and etc.) in 
electrical and electronic equipment has been in force in Europe since 2003. Hence, 
whisker growth from tin electrodeposits became a problem again. 
Much less attention has been paid to zinc and cadmium whiskers. This is probably 
because zinc and cadmium finishes are applied to larger and less sensitive 
components. Zinc whiskers were first found on the surface of a zinc-electroplated 
bracket in 1948 by Bell Labs, the presence of which gave rise to the electrical failure 
of quartz filters used in a telephone transmission system [11]. However, zinc whiskers 
were not well known until they caused computer outages for three weeks in the 
Colorado Secretary of State’s office in 2004 [3]. These zinc whiskers, which had grown 
to a significant length after many years in service, were found growing from the bottom 
surface of zinc-electroplated raised floor tiles used in a computer room. When floor 
tiles were disturbed, long whiskers (probably exceeding 1 mm) were broken off. The 
shed whiskers became airborne and were distributed throughout the entire computer 
room and drawn into the internal PCB surfaces by cooling air flow (Figure 2.5). Once 
the airborne whiskers were inside the hardware, they were capable of resulting in short 
circuiting and ultimately equipment failure. Similar computer failure was also found in 
the Baycrest Centre for Geriatric Care in Canada, which caused their IT engineers 
hundreds of hours to examine this unexpected problem [12].  
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 2.5 A flow chart showing zinc whiskers growing from the bottom surface of raised 
floor tiles in a data centre [4] 
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2.3 Early whisker research 
Electrical failures caused by metal whisker growth were first discovered during WWII 
due to the choice of cadmium (Cd) as an electroplated coating on electronic 
components inside aircraft radios. These failures were published in a 1946 paper by 
Cobb [2], who reported that the leaves in capacitors used in the radios were 
electroplated with cadmium, and over time long whiskers had formed on the surface 
of these components. These long filament-type whiskers, which were highly 
electrically conductive, resulted in an electrical short between adjacent capacitor 
plates and hence caused the radio systems to fail. 
In 1948, similar failures were found by the Bell Telephone Corporation on some of 
their channel filters used in carrier telephone systems [11]. These electronic failures 
resulted in considerable difficulties in the operation of a transmission channel. The 
only solution was to replace the filters with a new unit. The failed filters were sent for 
examination at Bell Laboratories. The failure analysis was published in a 1951 paper 
by Compton, Mendizza and Arnold [11]. This paper was a landmark since it made a 
few important summary statements, which were to guide future investigations into 
metal whiskers. The paper established that whisker formation was not limited to 
cadmium electroplated components, but had also been found on zinc and tin 
electrodeposits as well as on an aluminium casting alloy. Compton, Mendizza and 
Arnold also suggested that metal coatings applied by other methods, e.g. sprayed, 
evaporated and hot dipped coatings had similar propensities for whisker formation. 
They also proposed that whiskers were not compounds, but spontaneous growths of 
single crystals of the same metal as that from which they were formed. For example, 
they found that whiskers growing from zinc metal surfaces were single zinc crystals 
with a close packed hexagonal structure. It is also worth noting that, in this 1951 paper, 
Compton, Mendizza and Arnold stated that tin whiskers developed more quickly than 
zinc and cadmium whiskers. This is probably one of the reasons that the vast majority 
of subsequent research focussed on tin whiskers, while very little attention was paid 
to other metal whiskers in the following years.  
The first mechanism for whisker growth was proposed by Peach [13] in 1953, who 
stated that each whisker contained a screw dislocation and metal atoms migrated and 
deposited themselves at the whisker tip, in the form of spiral growth. However, this 
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hypothesis was disproved by Koonce and Arnold [14] when they published the first 
scanning electron microscope micrographs of whiskers growing over several weeks, 
which suggested that whiskers grew from the base. Since then, it is widely accepted 
that whisker growth occurs due to the continual migration of metal atoms to the base 
of the whisker.  
An important contribution to developing a mechanism for whisker growth was outlined 
in a 1954 paper by Fisher, Darken and Carroll [15]. This was a breakthrough since, for 
the first time, it was reported that whisker growth was a form of mass transport, driven 
by compressive stress gradients that were developed by externally applied pressures. 
Metal atoms were prone to migrate from a region with a high compressive stress to a 
low compressive stress region, where atoms piled up and formed the whisker base. 
Based on the compressive stress mechanism, Fisher, Darken and Carroll concluded 
that whiskers were single crystals spontaneously growing at a linear rate that was 
determined by the magnitude of an externally applied pressure. 
In 1956, Arnold [16] published a review paper that summarised all the whisker-related 
observations made at Bell Laboratories up to that date. He studied the effect of several 
experimental parameters on whisker growth (e.g. exposure to elevated temperature, 
relative humidity, coating deposition methods, coating thickness and substrate 
material characteristics) and stated that each of the factors had only a slight influence 
on whisker growth. It is also worthy of note that the author proposed several whisker 
mitigation strategies for the first time in the published literature. Arnold aimed to reduce 
whisker growth by the application of a variety of thin coatings onto the metal surface 
(e.g. oil, greases, silicones, waxes, lacquers, and chromate conversion coatings on 
zinc and cadmium). However, he reported that whiskers penetrated through all the 
coatings, especially at the edge or where cracks developed. Even though his 
mitigation strategies failed to effectively inhibit whisker growth, this was the onset of 
whisker mitigation research and paved the way for later investigations.  
 
2.4 Zinc whisker research 
In the entire history of whisker research, zinc whiskers have not attracted as much 
attention as tin whiskers, until an important paper regarding zinc whiskers was 
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published by Downs and Francis in 1994 [17] that outlined a zinc whisker related 
lawsuit between a medical-device maker and a rotary switch manufacturer. They 
reported on the failure of rotary switches used in medical components, which was 
traced to the growth of zinc whiskers on the surface of the switch that had induced 
short circuiting. The rotary switch manufacturer had been aware that tin and cadmium 
electroplated components had propensities for whisker growth, but had no idea about 
the phenomenon of zinc whisker growth. Hence, initially, they could not explain the 
cause of the failure and spent hundreds of hours examining this unexpected failure. 
They stated that problems caused by zinc whisker growths had not appeared 
previously because the rotary switches had been widely applied in high-voltage 
applications, under which zinc whiskers were electrically burned and eliminated. 
However, in more recent years, the majority of rotary switches had been used in low-
voltage applications, and as a result zinc whiskers had survived and given rise to 
electronic failures. This article was not academically significant, but did strongly 
underline the potential failures that could be induced by zinc whiskers.  
 
2.4.1 Mechanisms for zinc whisker growth 
The first theories to explain zinc whisker growth were proposed by Lindborg in the 
1970s, who published a set of monographs solely on zinc whisker topics [14–16]. 
Lindborg is one of the very few researchers to have paid considerable attention to zinc 
whiskers. In 1975, Lindborg [6] produced a paper that studied the driving force for 
whisker growth from zinc coatings electrodeposited on carbon steel substrates. He 
proposed that whisker formation was driven by the internal macrostress of the deposit, 
which was built into the zinc film during electroplating. He further suggested that 
whisker growth was indeed a form of mass transport to relieve built-in internal 
compressive macrostress and the growth rate was associated with the magnitude of 
the macrostress. Experimental data showed that for a macrostress less than 45 N/mm2 
the growth rate was relatively low, whilst above 55 N/mm2 the growth rate became 
notably higher (Figure 2.6). Another key finding was the role of microstructural 
variables on zinc whisker growth (e.g. grain size, microhardness and microstrain). He 
proposed that zinc whisker growth was only associated with the built-in macrostresses 
and that microstructural variables had very little influence. However, these results were 
obtained from a limited number of specimens and the reproducibility was 
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comparatively low. Therefore, such findings could not be considered conclusive. In 
this paper [6], Lindborg  also investigated the effect of the crystallographic orientation 
of zinc electrodeposits on whisker growth. X-ray diffraction (XRD) analysis suggested 
that zinc grains tended to be orientated with a plane {112̅0} parallel to the plane of the 
surface and the crystallographic texture {112̅0} appeared to be favourable for zinc 
whisker formation and growth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Whisker growth rate at (a) 20ºC and (b) 50ºC for different 10 µm zinc-
electroplated samples as a function of the internal macrostress of the deposits [6] 
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In 1976, Lindborg [19] published another paper that put forward a model for zinc, 
cadmium and tin whisker growth. The author reiterated that the predominant driving 
force for whisker growth was the compressive macrostress produced during 
electroplating and a two-stage model, consisting of a diffusion stage and a glide stage, 
was necessary for all metal whisker growth. In the diffusion stage, a dislocation loop 
will expand laterally by climb as vacancies are emitted away from the loop. When the 
expanding loop reaches a size corresponding to the whisker cross-section, it starts to 
glide towards the surface. Based on the model, Lindborg suggested that a whisker 
was pushed up one atomic step as each dislocation loop reached the surface of the 
growing whisker. 
Following Lindborg’s observation that zinc whisker formation and growth was driven 
by internal compressive macrostress, several related studies were published in the 
following years. In 1984, an important publication by Sugiarto, Christie and Richards 
[20] reported on zinc whisker formation and growth from bright cyanide zinc 
electrodeposits, and for the first time showed a series of scanning electron microscope 
(SEM) micrographs of zinc whiskers. Sugiarto et al. stated that bright zinc 
electrodeposits stored at room temperature were highly susceptible to whisker growth. 
They further suggested that organic materials derived from the brightener system were 
capable of producing compressive microstress in the deposit, which was responsible 
for whisker formation and growth, whilst dull zinc electrodeposits without organic 
materials present did not develop whiskers. Based on these observations, they 
concluded that the predominant driving force for zinc whisker formation and growth 
was the microstress derived from organic materials present in the zinc electrodeposits, 
and that the macrostress of the deposit was not associated with whisker formation and 
growth.  
A paper published in 1990 by Nagai et al. [21] provided measurements of microstrain 
and macrostress in zinc electrodeposits and discussed the influence of these two 
parameters on zinc whisker growth. The microstrain was measured using the Hall plot 
method [22] and their experimental data inferred that microstrain did not have an 
influence on zinc whisker growth. Macrostress in the deposit was measured by means 
of X-ray macrostress measurements and bending strain methods. Nagai et al. found 
that the X-ray macrostress measurements obtained by measuring lattice compression 
were not reliable and suggested that the bending strain method was simpler and more 
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reliable. Their bending strain data indicated that a larger macrostress contributed to a 
higher zinc whisker growth rate. A considerable number of zinc whiskers were found 
on samples having a macrostress of more than 60 MPa. These observations with 
respect to the influence of microstrain and macrostress on whisker growth rate were 
in agreement with the earlier Lindborg study [6]. 
Between 2005 and 2007, a series of papers regarding the driving force for zinc whisker 
growth from hot-dip galvanised (HDG) zinc coatings and bright zinc electrodeposits 
were published by Lahtinen and Gustafsson [28–30], who for the first time, presented 
experimental evidence for whisker growth from HDG coatings, as shown in Figure 2.7. 
It was observed that the inner surfaces of HDG steel pipes were populated with long 
filament type whiskers (up to 10 mm in length), after being stored in a warehouse for 
more than 15 years. 
 
 
 
 
 
 
 
 
 
Lahtinen and Gustafsson [28–30] suggested that compressive stress, derived from a 
thermal expansion mismatch, could be an important factor in whisker growth on both 
zinc electrodeposits and HDG coatings. Two factors were noteworthy, a) the large 
difference in the coefficients of thermal expansion (CTE) of zinc crystals between the 
a-axis and the c-axis (Table 2.1) and b) the difference in CTEs between the substrate 
material (iron) and the zinc coating, as shown in Table 2.2. These two factors were 
thought to be responsible for the generation of thermal stresses when subjected to 
Figure 2.7 The inner surface of hot-dip galvanised steel pipes was populated with 
zinc whisker filaments, after being stored in a warehouse for more than 15 years 
[25] 
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temperature fluctuations. Lahtinen and Gustafsson further proposed that both dull 
HDG coatings and electroplated coatings with brighteners were more prone to develop 
whiskers, since larger thermal stresses were detected in their coating layers. 
 
Table 2.1 Coefficients of thermal expansion for zinc crystals [26] 
 
Table 2.2 Coefficients of thermal expansion for some metals [27] 
 
Reynolds and Hilty [7] published a paper in 2004 that for the first time investigated zinc 
whiskers by means of a focused ion beam (FIB) technique. They presented a series 
of FIB images showing cross-sectioned zinc electrodeposits on carbon steel 
substrates (Figure 2.8), which appeared to suggest that both the zinc electrodeposits 
and the whiskers growing from them were polycrystalline and fine grained (sub-
micron). This observation is significant because it showed that metal whiskers were 
Single crystal along a-axis 0 – 100 ºC 15 µm/mK 
Single crystal along c-axis 0 – 100 ºC 61 µm/mK 
Polycrystalline 20 – 250 ºC 39.7 µm/mK 
Volume CTE 20 – 400 ºC 0.89 × 10-6/K 
Metal CTE × 10-6/K 
Grey cast iron 10.8 
Carbon steel 13.0 
Tin (Sn) 23.4 
Zinc (Zn) 39.7 
Lead (Pb) 28.0 
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not always single crystals but could also be polycrystalline, which conflicted with the 
widely accepted belief that had been held for many years [11]. However, based on 
their FIB results, it is not clear whether the whiskers were single crystals or not, since 
their published cross-sectional images showing metal whiskers were not of sufficiently 
high quality. The paper also discussed the influence of intermetallic compounds on 
zinc whisker growth. It is widely acknowledged that the formation and continual growth 
of intermetallic compounds at the interface between tin electrodeposits and copper 
substrates is one of the major driving forces for tin whisker growth [25–27]. However, 
the effect of intermetallic formation has not been widely reported with respect to the 
growth of zinc whiskers. Based on their FIB images, Reynolds and Hilty reported that 
iron-zinc intermetallic compounds were not present at the Fe/Zn interface, and further 
concluded that intermetallic compounds did not appear to be associated with whisker 
growth from zinc electrodeposits on carbon steel substrates.  
 
  
Nominal zinc layer 
thickness = 1µm 
Zinc grain size <<< 1 
µm 
Figure 2.8 FIB images showing the cross-sectional microstructure of 1 µm zinc 
electrodeposits on carbon steel substrates [7] 
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The role of intermetallic compounds on zinc whisker growth was also reported by 
Baated, Kim and Suganuma [8] in 2009, who studied zinc-electroplated steel raised 
floor tiles that had been used in a computer data centre for over 10 years.  By means 
of electron probe micro analysis (EPMA) and X-ray diffraction analysis (XRD), they 
observed that both iron-zinc (Fe-Zn) intermetallic compounds and zinc oxides were 
present (Figure 2.9). They reported that Fe-Zn intermetallic compounds were not only 
formed at the interface between the zinc film and the substrate, but also within the 
electroplated zinc coatings themselves. This observation was not consistent with the 
widely accepted premise that intermetallic compounds were only formed at the 
coating/substrate interface. They accounted for this anomaly by suggesting that Fe 
atoms must migrate from the substrate and diffuse into the deposit, and subsequently 
react with zinc to form the intermetallic compounds. With respect to the distribution of 
zinc oxides, the majority of them were observed on the deposit surface. Based on their 
observations, Baated, Kim and Suganuma proposed a growth mechanism that 
highlighted the influence of Fe-Zn intermetallic compounds and zinc oxides, which 
could result in the development of compressive stresses within the deposit and the 
diffusion of zinc atoms towards the surface. Subsequent whisker growth occurred from 
the surface to relieve the stress. This proposition was in conflict with Reynolds and 
Hilty’s study in which no Fe-Zn intermetallic compound formation had been observed 
[7].  
 
  
Figure 2.9 X-ray diffraction analysis of the electroplated zinc coating on carbon steel 
substrate showing that Fe-Zn intermetallics were present in the zinc deposit [8] 
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In 2010, Baated, Kim and Suganuma [9] published another paper that presented 
further experimental evidences to support their mechanism for zinc whisker growth. 
Elemental analysis of the same samples by FIB and TEM-EDX techniques confirmed 
that Fe-Zn intermetallic compounds had formed throughout the entire electroplated 
zinc coatings (Figure 2.10), which could result in a compressive stress in the zinc film 
and promote whisker growth from the surface.  
 
  
Figure 2.10 TEM-EDX analysis of the electroplated zinc coating on carbon steel 
substrate near a Zn whisker [9] 
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In 2012, another important paper regarding the role of intermetallic compounds on zinc 
whisker growth was published by Fortier and Pecht [31], who reported on a 
comparative study of different metal films (tin, zinc and cadmium) and their 
propensities for subsequent whisker growth. By investigating a zinc-electroplated 
samples that were thought to be 15 – 20 years old, they found that a considerable 
number of long filament-type whiskers were present on the surface of zinc-
electroplated steel components. Their cross-sectional microstructure analysis using 
FIB showed that there was no evidence of Fe-Zn IMCs across the entire deposit. They 
stated that whisker growth was associated with the oxidation that occurred on the 
deposit surface [31]. The oxidation process produced voids near the surface, which 
then diffused inwards into the zinc film. The inward diffusion of the voids caused zinc 
atoms to migrate towards to the surface and form whiskers. This assumption was 
supported by their FIB results which showed many voids present in the zinc film 
beneath a whisker (Figure 2.11). 
In addition, Fortier and Pecht [31] prepared freshly electrodeposited bright acid zinc 
on steel substrates, to compare with the decades-old samples. A set of the fresh 
samples were exposed to ambient conditions, whilst others went through JEDEC 
environmental conditions of 55°C and 85% humidity immediately after deposition. 
They reported an interesting finding that the surface of the samples exposed to 
ambient conditions was populated with enlarged features in the form of hemi-spheres 
(shown in Figure 2.12) and EDS analysis on these regions showed that these irregular 
features were highly oxidised. They conjectured that these features could be potential 
sources for the future growth of Zn whiskers. With respect to the samples exposed to 
JEDEC conditions, they observed that dendrites with high porosity were formed over 
the entire deposit surface (Figure 2.13). These dendrite areas showed a very similar 
elemental composition compared to the surface in the vicinity. FIB analysis of these 
showed that the fresh samples under ambient and JEDEC conditions exhibited the 
same microstructure. Both of them were comprised of fine equi-axed grains with a 
large number of voids in the film. More importantly, a layer of Fe-Zn intermetallic 
compound was present at the interface. It was very thin (<< 1 µm) and did not continue 
to increase in size over time (Figure 2.14). They did not report any results in terms of 
whisker growth on the freshly deposited samples. 
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Figure 2.11 A FIB image showing the cross-sectional microstructure of a 15 – 20 
years old zinc electroplated steel sample with a whisker growing above [31] 
Voids 
A whisker 
Figure 2.12 SEM image showing the surface of bright acid zinc electrodeposits on 
steel substrates under ambient conditions [31] 
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Figure 2.14 A FIB image showing the microstructure of an electroplated zinc 
coating on steel substrates under ambient conditions [31] 
Fe-Zn IMCs 
Figure 2.13 SEM image showing the surface of bright acid zinc electrodeposits on 
steel substrates under JEDEC conditions [31] 
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Etienne et al. [32] in 2012 proposed a whisker growth model based on recrystallisation. 
Their samples, fabricated in 1982, were low alloy carbon steel substrates electroplated 
with 10 µm zinc coatings, which were subsequently treated with a 200 nm chromate 
conversion coating. The details of the electroplating process are not known. It was 
observed that a few filament type whiskers had formed from eruptions and grown up 
to 8 mm in length after approximately 30 years in service. By measuring residual 
stresses in the sample using XRD, Etienne et al. reported that a compressive stress 
of 30 ± 9 MPa was measured in the zinc film, which was lower than that in a freshly 
deposited zinc film (51 to 71 MPa [33]). They suggested that stress relaxation occurred 
in the deposit as whiskers were growing from the surface and whisker growth was 
essentially to relieve the compressive stress within the zinc film. To understand the 
mechanism for zinc whisker growth, Etienne et al. used focused ion beam (FIB) and 
electron backscatter diffraction (EBSD) techniques to characterise the cross-sectional 
microstructure both far from a whisker and at the root of a whisker (Figure 2.15). It was 
observed that the zinc deposit far from a whisker was comprised of columnar grains, 
whilst in the vicinity of the whisker root the grain size was generally increased and 
oblique grain boundaries were present. In addition, grains near the whisker root did 
not exhibit the same crystallographic orientation as those away from whiskers. Based 
on these observations, they stated that the grains near the whisker root were 
recrystallised and they further proposed that recrystallisation was closely associated 
with zinc whisker formation and growth. This statement is consistent with several tin 
whisker growth mechanisms based on recrystallisation [13, 40, 41].  
One year later, Etienne et al. [37] presented additional experimental results to support 
their proposed growth mechanism based on recrystallisation. They first investigated a 
sample that was extracted at the root of a filament type whisker growing directly from 
the deposit surfaces (Figure 2.16). They found that zinc grains near the whisker root 
were recrystallised. More surprisingly, cavities were observed within the zinc coating 
(up to ~ 9 µm under the surface).  The volume of the cavities was much smaller than 
that of the filament whisker; i.e. atoms coming from the cavities were not sufficient to 
produce the whisker. Based on this result, Etienne et al. confirmed that a long-range 
diffusion mechanism was associated with zinc whisker growth. A further sample was 
investigated, which contained a filament type whisker growing from an eruption (Figure 
2.17). They reported that grains at the whisker root and in the whisker eruption were 
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both recrystallised and exhibited the same characteristics, which further strengthened 
their proposed whisker growth mechanism based on recrystallisation. 
 
  
Figure 2.15 (a) SEM top view of a milled sample, indicated with red lines, 
removed from the root of the whisker growing from zinc electrodeposits on low 
alloy carbon steel substrates, (b) SEM side view of the milled sample glued on a 
Cu grid and (c) its EBSD pattern quality map depicting the grain structure (d) its 
EBSD inverse pole figure with respect to the y-axis [32] 
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Root of the whisker 
(a) 
Figure 2.16 (a) SEM top view of a milled sample removed from the root of a 
filament type whisker growing from zinc electrodeposits on low alloy carbon steel 
substrates, (b) SEM side view of the milled sample glued on a Cu grid and (c) its 
EBSD inverse pole figure with respect to the y-axis [37] 
(b) 
(c) 
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(a) 
(b) 
Figure 2.17 (a) SEM top view of a milled sample removed from the root of a 
filament type whisker growing from an eruption on the surface of zinc 
electrodeposits on low alloy carbon steel substrates and (b) SEM side view of 
the milled sample glued on a Cu grid [37] 
Nodule Whisker 
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2.4.2 Growth directions of Zn whiskers 
Investigations into the growth directions of whiskers have rarely been published. In 
1957, Baker [38] reported his studies on the distribution of angular bends on whiskers 
formed on the surface of zinc, tin and cadmium electroplated components. Prior to this 
study, the growth directions of whiskers had rarely been published.  Baker found that 
the bend angle distribution had peaks equal to the angles between low-indices 
directions in the crystal lattice. He concluded that the crystal structures of zinc, tin and 
cadmium whiskers were not coherent with that of the base material and that the 
angular bends formed in whiskers were due to a change in the growth direction at the 
base of a whisker. 
In 1966, Ellis [39] published a paper discussing the morphologies and growth 
directions of tin, zinc and cadmium whiskers. A number of common growth directions 
for tin, zinc and cadmium whiskers were reported in this paper. Further, by comparing 
spontaneously grown whiskers and vapour-grown filamentary crystals, Ellis concluded 
that the growth directions for whiskers were low index crystallographic directions, the 
majority of which were consistent with those for vapour-deposited crystals and also 
corresponded to the glide plane indices in plastic flow. These results were used to 
support the whisker growth mechanisms that were based on dislocation models 
[13][40][41][42].  
 
2.4.3 The effect of thermal treatment on Zn whisker growth 
Although the influence of post-electroplating thermal treatment on tin whisker growth 
has been widely investigated, very little research has been directed towards its effect 
on zinc whisker mitigation. Investigations into the role of thermal treatment on zinc 
whisker growth were first reported by Sugiarto, Christie and Richards in 1984 [20]. A 
recognised problem with whisker research is considered to be the delay before 
whisker growth can be detected. Sugiarto et al. found that a thermal treatment of 175℃ 
for 24 hours immediately after electroplating was an effective method to accelerate 
whisker growth from zinc electrodeposits in the short term. Samples were divided into 
two groups. Some were stored at room temperature (Group І samples) and others 
were subjected to a post-electroplating thermal acceleration treatment prior to being 
stored at room temperature (Group ǁ samples). In the initial examination (24 hours 
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after electroplating), they found that whiskers on Group ǁ samples had grown more 
rapidly than those on Group І samples. However, after 240 days storage, the average 
growth rate of whiskers on the Group ǁ samples had become lower than that on the 
Group І samples and some whiskers on the Group II samples had not grown since the 
initial examination. Although Sugiarto et al. attempted to accelerate zinc whisker 
growth via a post-electroplating thermal treatment, their observations showed that a 
thermal treatment of 175ºC for 24 hours straight after electroplating only accelerated 
whisker growth initially. In the long term, however, there was no difference in whisker 
growth between the two groups of samples. 
In 1991, Garner et al. [43] of the Harshaw Chemical Company reported their studies 
of zinc whisker growth on both alkaline cyanide and acid chloride zinc electrodeposits. 
Their company was part of a programme to solve the problem of why decorative zinc 
electrodeposits, applied onto refrigerator shelf hardware, unexpectedly became “hazy” 
in appearance. Low cyanide zinc electrodeposits were coated with lacquer and 
thermally treated at 175°C for 15 minutes to cure the lacquer. It was observed that 
originally bright as-electroplated deposits became “significantly hazy” in appearance 
during heat treatment and continued to become more “hazy” for several hours. Further, 
they found that a higher current density and a greater deposit thickness could result in 
more “hazy” appearance. Garner et al. speculated that the change in appearance was 
induced by the formation and growth of zinc whisker eruptions and filaments. They 
established a series of experiments to investigate whisker growth from both alkaline 
cyanide and acid chloride zinc electrodeposits and presented some results regarding 
the influence of deposit thickness, deposition current density, solution temperature and 
macrostress on zinc whisker growth. These observations were consistent with the 
earlier Sugiarto et al. study [20] and the importance of this paper is that it gave a 
warning that zinc electroplated components were susceptible to whisker growth when 
subjected to a thermal treatment straight after deposition. 
A later paper regarding the influence of thermal treatment on zinc whisker growth was 
published by Chapaneri et al. [44] in 2009, which studied the growth of whiskers from 
bright acid chloride-based zinc electrodeposits when subjected to elevated 
temperatures. They observed that many zinc whiskers were present on samples that 
were exposed to 150ºC for 1 hour after deposition, whilst no whisker growth was 
detected on similar samples stored at room temperature (Figure 2.18). They 
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suggested that thermal treatment at 150ºC for 1 hour could significantly facilitate, 
rather than mitigate, whisker growth from bright acid zinc electrodeposits.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The published results with regard to the role of thermal treatment on zinc whisker 
growth suggested that a post-electroplating thermal treatment could accelerate rather 
than mitigate whisker growth from zinc electrodeposits [20][43][44]. However, for tin 
whiskers, it is generally accepted that a post-electroplating thermal treatment is able 
to reduce tin whisker growth. The first evidence that thermal treatment could be used 
as a tin whisker mitigation method was reported by Glazunova in 1962 [45]. Tin-
electroplated steel with a brass underlay was exposed at elevated temperatures after 
(a) (b) 
(c) (d) 
Figure 2.18 Whisker growth on the surface of bright acid zinc electroplated steel 
substrates (a) and (b) without heat treatment and (c) and (d) with 1 hour heat 
treatment at 150℃ after deposition [44] 
 
20 µm 2 µm 
10 µm 2 µm 
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deposition. Glazunova suggested that samples treated at 100℃ for more than 6 hours 
or at 150℃ for more than 2 hours were much less prone to develop whiskers and no 
whisker growth was detected on some of the samples after 3 years. Britton [46] in his 
1974 paper proposed that thermal treatment at 200℃ for 1 hour completely prohibited 
whisker growth on tin-electroplated copper for a period of 5 years. However, a number 
of tin whiskers were observed on similar samples when the temperature was 
decreased to 150℃. In 1975, Sabbagh and McQueen [47] reported some negative 
findings on the influence of thermal treatment on tin whisker mitigation. They reported 
that, after 6 years, whisker growth was observed on both tin-electroplated steel 
exposed at 165℃ for 3 hours and tin-electroplated copper exposed at 194℃ for 4 
hours. Hence, they concluded that a post-electroplating thermal treatment was 
capable of slowing down tin whisker growth, but could not completely prevent 
whiskering. Since it is known that whisker growth is a function of a complex relationship 
of various key parameters (e.g. electrodeposit chemistry, storage conditions and post-
electroplating treatment), it is difficult to ensure the reproducibility of whisker growth 
testing between different studies and this is a major problem for whisker related 
research. Therefore, the optimum thermal conditions that could effectively reduce tin 
whisker growth have still not been confirmed yet. 
 
2.4.4 The effect of processing variables on Zn whisker growth 
There are a number of key parameters associated with zinc whisker growth; these 
include the nature of the substrate material, the type (chemistry) of the electrolyte, 
deposition parameters and substrate surface contaminants. 
In 1975, Lindborg [18] produced a paper that had investigated the microstructure and 
the metallurgical properties of zinc coatings electroplated from an alkaline cyanide zinc 
bath with a variety of bath compositions. Although this paper was not concerned with 
zinc whisker growth, it is included here because it provided a number of detailed 
results with respect to the grain size and structure, preferred crystallographic 
orientation, internal macrostress, microstrain and microhardness of zinc 
electrodeposits, which might be important for the understanding of whisker growth 
from zinc electrodeposits. 
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Following the study by Lindborg, two Japanese papers were published at the end of 
the 1980s regarding the relationship between the crystallographic orientation of zinc 
electrodeposits and subsequent whisker growth from them. In 1986, Takemura et al. 
[48] published a study that highlighted the relationship between the crystallographic 
orientation of zinc coatings electrodeposited on steel substrates and the growth 
directions of the resultant whiskers. They showed data which indicated that zinc 
whiskers on their samples exhibited a <1000> growth direction and concluded that 
deposits with crystallographic textures of {101̅0} and {112̅0} were favourable for zinc 
whisker growth. Takemura et al. stated that their results were consistent with 
observations that whiskers not only grow perpendicular to the surface, but also were 
found growing inclined to the normal of the surface with an angle of approximately 60º. 
This paper, for the first time, correlated the crystallographic orientation of zinc 
electrodeposits with the growth directions of zinc whiskers. 
In the same year, Takemura et al. [49] published another paper, which reported that 
the nature of the substrate materials (low-carbon steel, silicon steel, amorphous 
ferrous material and cast zinc bars) and the thickness of electroplated zinc coatings 
had a strong influence on both the crystallographic characteristics of the deposit and 
subsequent whisker growth. Experimental results suggested that, when the deposit 
thickness was less than 10 µm, the choice of substrate material had a strong effect on 
the crystallographic orientation of the deposit. When the deposit thickness was greater 
than 10 µm, the influence of the substrate materials was significantly decreased and 
deposits on different substrates were found to develop the same preferred 
crystallographic texture {112̅0}. With respect to the effect of deposit thickness on 
whisker growth, they reported that the number of whiskers increased dramatically as 
the deposit thickness was increased from 3 µm to 10 µm, while when the deposit 
thicknesses was greater than 10 µm, the number of whiskers was gradually reduced. 
The effect of surface contaminants on zinc whisker growth was studied by Lahtinen 
and Gustafsson [23][24][25], who reported that chlorine and sulphur were detected in 
the areas of whisker growth on both HDG coatings and zinc electrodeposits. Their 
EDS-analysis data showed that the chlorine content was higher than the sulphur 
content near the whisker root and in regions where numerous zinc whiskers were 
observed, whilst in regions with little or no whisker growth, much less chlorine was 
detected than sulphur. They suggested that chlorides derived from contaminants on 
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the surface were associated with whisker growth, since a chloride pit was found to 
form near the root of each long filament whisker. Lahtinen and Gustafsson stated that 
chlorides were able to destroy the passive layer exposing the zinc deposit and thereby 
resulted in the corrosion of zinc coatings, which might facilitate whisker growth. The 
role of sulphur was also investigated in their papers. It was observed that sulphur was 
derived from zinc sulphide and enriched in the centre of chloride contaminants. They 
speculated that sulphur was associated with filament type whiskers, since both sulphur 
and filament whisker root exhibited a similar structure. Based on their observations, 
Lahtinen and Gustafsson proposed three prerequisite conditions for filament type 
whisker growth: a) the presence of a compressive stress in the zinc coating layer; b) 
the formation of zinc chloride on the surface that could destroy the chromate passive 
layer and c) the formation of zinc sulphide in the chloride pit served as a suitable crystal 
plane for filament growth. They believed that these three requirements were necessary 
for filament type whisker growth on both electroplated and hot-dip galvanised zinc 
coatings.  
 
2.4.5 Mitigation strategies for Zn whisker growth 
Tin whisker mitigation has been investigated for many years and a number of 
mitigation strategies have been developed that include the co-deposition of lead (Pb) 
in tin (Sn) coatings, metal underlays and polymeric conformal coatings. However, very 
little information can be found in literature in relation to zinc whisker mitigation. The 
first paper to discuss zinc whisker mitigation was published by Sugiarto, Christie and 
Richards in 1984 [20], who suggested that zinc whisker growth could be temporarily 
retarded by either the introduction of passivated coatings (i.e. chromate conversion 
coatings) or pre-electroplating processes (e.g. heat treatment of steel substrates prior 
to zinc electroplating to relieve the stress in the substrate). However, these two 
methods could not completely prohibit zinc whisker growth for long term. After 90 days 
storage, whisker growth was detected on both the passivated and the pre-treated 
samples. Hence, Sugiarto, Christie and Richards issued a warning that zinc whiskers 
were problematic for the long-term reliability of long life electrical and electronic 
components, which were electroplated with bright zinc coatings.  
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Baated, Kim and Suganuma [9] also proposed some corresponding mitigation 
methods, based on their assumption that Fe-Zn intermetallic compounds formed in the 
electroplated zinc layer and the Fe/Zn interface were responsible for whisker growth 
(Figure 2.19). Their proposals included a) the application of a diffusion boundary layer 
(e.g. a nickel layer) between the zinc deposit and the steel substrate, b) the 
introduction of a high-temperature heat treatment after deposition that could result in 
a uniform intermetallic compound layer and stress relief, and c) the application of a 
physical barrier (e.g. metal nanofilms or conformal coatings) on the surface to inhibit 
whisker growth. However, it is not known how effective these mitigation strategies 
would be. With regard to the first method, since conflicting results have been published 
with regard to the presence of Fe-Zn intermetallic compounds at the coating/substrate 
interface [7][31], it is not clear whether the introduction of a diffusion boundary layer 
could effectively prohibit zinc whisker growth. With respect to the role of heat treatment, 
all the previous research has suggested that a post-electroplating heat treatment 
significantly promoted whisker growth from zinc electrodeposits [20][43][44]. Hence, 
perhaps, the second mitigation method may be problematic. With regard to the ability 
of a physical barrier coating to mitigate whisker growth, it was observed that the 
application of a polymer conformal coating to the surface of tin electrodeposits reduced 
whisker growth, but did not completely prohibit it [50]. To date, there is still no 
published research on the role of conformal coatings on whisker growth from zinc 
electrodeposits. 
 
Figure 2.19 A formation mechanism proposed by Baated et al. showing that Zn 
whisker growth was driven by the formation and growth of Fe-Zn intermetallic 
compounds [9] 
 
45 
 
2.5 A review of zinc coatings 
 
2.5.1 Zinc electroplating 
Zinc electroplating is the deposition of zinc onto a metal article by immersing the 
component in an electrolytic bath and applying a cathodic electrical current. Zinc 
electrodeposits are one of the most widely used finishes around the world and are 
normally electroplated on iron and steel to protect the substrate from corrosion and 
oxidation. Zinc can react with oxygen and produce a very dense and impermeable 
layer of zinc oxides on the outer surface, which act as physical barriers to protect the 
substrate from further attack. On the other hand, zinc is anodic to iron and steel and 
thus zinc is capable of protecting them by sacrificial means. In other words, zinc 
corrodes in preference to the base metal. Due to its important characteristics, zinc 
electroplating has been widely utilised by different industries and is primarily used on 
comparatively small components such as nuts, bolts, wire and tube.  
The basic requirement for nearly all the zinc electrodeposits is a bright finish that is 
capable of providing excellent corrosion resistance. For general protective purposes, 
zinc electrodeposits are normally applied having thickness ranging from 8 to 25 µm, 
depending on the application. Electroplated zinc coatings without subsequent 
treatment become dull grey in appearance when exposed to air. Hence, bright zinc 
electrodeposits are normally applied with a chromate conversion coating or a layer of 
lacquer as a decorative finish [51]. However, recently chromates have been phased 
out due to environmental concern and investigators are attempting to find suitable 
substitutes (e.g. trivalent Cr) for chromates as conversion coating materials. 
In the 1970s, the vast majority of zinc electroplating was produced from zinc cyanide 
baths, thanks to their high throwing power. However, the usage of cyanide has been 
significantly restricted due to a number of environmental control laws being 
established, and zinc cyanide baths have been largely abandoned. As a result, non-
cyanide and low-cyanide baths became the most prevalent, which occupied a large 
part of the global zinc electroplating market. Non-cyanide zinc electroplating baths can 
be divided into two categories, mildly acid based solutions (chloride and sulphate) and 
alkaline zincate solutions [52].  
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In recent years, much attention has also been paid to the improvement of zinc alloy 
electroplating systems. There have been a number of alloy electroplating baths such 
as, zinc-iron, zinc-nickel and zinc-cobalt, developed to improve corrosion resistance 
for specific applications and possibly eliminate standard chromate passivation 
treatments [52].  
 
2.5.1.1 Acid chloride zinc electroplating 
Acid chloride zinc baths are, perhaps, the fastest growing bath in terms of usage all 
over the world and approximately half of the zinc is electroplated from this bath. The 
most widely use of acid chloride baths is in electrogalvanising wire and strip steel. Acid 
chloride solutions offer considerable advantages over cyanide based baths, not only 
eliminating the use of cyanide, but also providing enhanced cathode current efficiency, 
brightness, high electroplating rate and low cost [53]. However, one of the main 
drawbacks is that acid chloride electrolyte is very corrosive [54]. The acid chloride 
baths are normally of two types: those based on ammonium chloride and those based 
on potassium chloride. The former was first developed and could be operated at higher 
deposition current densities. However, ammonium ions act as a complexing agent in 
waste streams that contain nickel and copper, and thus the ammonium-based baths 
should be disposed of by expensive chlorination. This is the main reason that the 
potassium-based baths have been developed and have become more popular. One 
of the advantages of acid chloride zinc baths over other zinc baths is that their cathode 
current efficiency is very high, typically between 95 and 98%, over a wide range of 
current densities (Figure 2.20). This is economically advantageous and of great 
interest to industrial companies, since almost all the energy has been consumed for 
building zinc electrodeposits. More importantly, minimal hydrogen embrittlement is 
produced compared with other zinc baths due to the high cathode current efficiency, 
and therefore this results in better deposit quality [52]. 
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Organic additives in acid chloride zinc electrolyte have been mainly proprietary and 
very little related information has been published in the literature. Most of the research 
effort has been made to improve the corrosion resistance of acid chloride zinc 
electroplated coatings. Loto and Loto [55] reported that organic additives in the 
electrolyte played an important role in the surface characteristics and the corrosion 
resistance of coatings produced from an acid chloride electrolyte. They showed SEM 
data (Figure 2.21) which indicated that the surface morphology of the deposits was 
significantly changed as a function of the content of Nicotiana tobaccum extract 
additive in the electrolytes. The surface of the coatings electroplated without the 
additive was relatively rougher with odd-shaped coarse features present. The 
introduction of the additive resulted in a smoother and denser deposit surface and the 
formation of finer features on the deposit surface. In terms of corrosion resistance, 
their results obtained from seawater immersion tests showed that the deposits with 
the highest additive content produced the best corrosion protection [55].   
Figure 2.20 The cathode current efficiency of acid chloride, alkaline non-cyanide, low-
cyanide and standard cyanide zinc electroplating [52] 
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Loto el al. [56] published another paper studying the addition of Manihot Esulenta C. 
leaf extract in acid chloride zinc electroplating baths and its effect on the improvement 
of corrosion resistance. Their SEM analysis (Figure 2.22) showed that the presence 
of the additive contributed to a transition of the surface morphology from a slipped-
stack-like structure to a very fine, close-packed structure. As the amount of the additive 
in the electrolyte was increased, the deposit became denser with the presence of finer 
surface features. They further reported that the corrosion resistance of the deposit was 
50 µm 20 µm 
a b 
20 µm 
c 
20 µm 
d 
Figure 2.21 Effects of the content of Nicotiana tobaccum extract additive in the 
electroplating solution on the surface morphology of coatings produced from an 
acid chloride zinc electrolyte: a) 0 ml/50 ml (additive/electrolyte), b) 4 ml/50 ml, 
c) 5 ml/50 ml and d) 6 ml/50 ml [55] 
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significantly improved as the additive was introduced, resulting in a  compacted 
surface that provided excellent protection. 
  
 
 
 
 
Previous research studying the role of a different electroplating additive - benzyl 
alcohol - in the electrodeposition of acid chloride zinc was published by Franklin et al. 
[57], who reported that the addition consistently increased the cathode current 
efficiency of the electroplating process. They attributed the increase to the ability of 
the alcohol to block water away from the cathode surface and thus inhibit the reduction 
of water to produce hydrogen. 
 
  
a b 
c d 
Figure 2.22 Effects of the content of Manihot Esulenta C. leaf extract additive in 
the electroplating solution on the surface morphology of coatings produced from 
an acid chloride zinc electrolyte: a) 0 ml/50 ml (additive/electrolyte, b) 5 ml/50 ml, 
c) 10 ml/50 ml and d) 15 ml/50 ml [56]. 
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Zemanova [58] carried out his investigations into the effect of pulse electroplating on 
the corrosion resistance of acid zinc electroplated coatings. He reported that the 
surface morphology of the deposit was significantly changed at different pulse 
frequencies (Figure 2.23), which contributed to an irregular leaf-like structure. High 
pulse frequency enabled the growth of the leaf-like structure to form a more compact 
surface. He further stated that the corrosion resistance of the pulsed electroplated 
samples was found to be comparable to that of samples produced by direct current 
electroplating. 
 
  
a b 
c d 
Figure 2.23 Effects of different pulse frequencies on the surface morphology of 
coatings produced from an acid zinc electrolyte: a) DC, b) 22 Hz, c) 45 Hz and d) 
90 Hz [58] 
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2.5.1.2 Alkaline non-cyanide zinc electroplating 
The beginning of study on the first alkaline non-cyanide zinc electroplating system can 
be traced back to the early 1960s, since waste treatment requirement became 
stringent and a number of toxic substances, such as cyanide, were restricted [52]. At 
present, approximately 15 – 20% of zinc is electroplated from the cyanide-free bath. 
The alkaline cyanide-free baths are based on zinc oxide, sodium hydroxide and some 
proprietary additives. The cathode current efficiency of alkaline non-cyanide zinc 
electroplating is not as high as that of acid chloride zinc electroplating, especially at 
higher deposition current densities [52]. Alkaline non-cyanide zinc electrodeposits are 
porous and its appearance is not as bright as acid chloride zinc electrodeposit. It is a 
semi-bright, matte-satin finish. One of the excellent characteristics of alkaline non-
cyanide zinc electrodeposits is their uniform electroplating distribution. They are able 
to deposit into deep recesses in low current density areas (sample centres) without 
ove-electrorplating the high current density areas (outside edges). This is an effective 
property and makes alkaline non-cyanide zinc electroplating suitable for applications 
where post-electroplating treatments, such as paint and powder applications, are 
required [59].  
Very few papers have been published with regard to alkaline non-cyanide zinc 
electroplating in the literature. Holland et al. [59] reported that alkaline cyanide-free 
zinc electrodeposits exhibited a columnar structure with many peaks and valleys 
present in the coatings. Generally, the benefit of the columnar structure is that it could 
increase the overall surface area, which is favourable for subsequent paint to collect 
and adhere. 
Muralidhara et al. [60] reported their investigations into the role of electrolyte chemistry 
in the brightening and corrosion resistance properties of electroplated coatings from 
an alkaline cyanide-free zinc bath containing zinc sulphate, sodium hydroxide, cetyl 
trimethyl ammonium bromide (CTAB) and ethylene diamine tetra acetic acid (EDTA). 
Their Hull cell results suggested that an increase in the concentration of zinc sulphate 
(ranging from 10 – 50 g/L), sodium hydroxide (ranging from 30 – 120 g/L), CTAB 
(ranging from 1 – 6 g/L) and EDTA (ranging from 5 – 20 g/L) significantly improved the 
brightness of the deposits. They also stated that electroplating temperature was also 
an important parameter. The optimum temperature for the alkaline cyanide-free 
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electroplating was in the range of 293 – 303K. A higher plating temperature could 
increase the electric current density and generate stronger hydrogen evolution 
reactions on the cathode surface, which reduced cathode current efficiency and 
produced a dull deposit. They further proposed that a newly synthesised condensation 
product formed between anthranillic acid (ANA) and furfural (FFL) was found to be 
formed a complex with zinc metal ions and shifted the deposition potential to a more 
negative direction, and thus significantly improved both the brightness and the 
corrosion resistance of the deposits (Figure 2.24).  
Muralidhara et al. [61] published another paper studying the effect of another 
condensation product on the brightening and corrosion resistance properties of the 
same alkaline non-cyanide free zinc electrodeposits. The new condensation product 
was produced by the mixture of DL-alanine and glutaraldehyde (1:4 ratio). Similar to 
their previous research, a small addition (4 mL/L) of the condensation product was 
also favourable for an improvement of the brightness and the corrosion resistance of 
the coatings.   
 
  
Figure 2.24 Corrosion rate as a function of immersion time for alkaline cyanide-free 
zinc electrodeposits in 3.5% NaCl solutions: A) without and B) with the newly 
synthesised condensation product [60] 
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Influences of plating additives on alkaline cyanide-free zinc electroplating have also 
been studied by other researchers. Hsieh et al. [62] studied the electrodeposition 
behaviour of alkaline cyanide-free zinc baths containing polyamines for a high current 
density (100 mA/cm2) process. They investigated three kinds of polyamines: a) 
polyethyleneimine (PEI), b) the reaction product of imidazole and epihalohydrin 
(Lugalvan IZE) and c) polyquaternary amine salt (Lugalvan P) and showed SEM data 
(Figure 2.25) which indicated that the deposits with no additives exhibited a rough 
surface with the presence of dendritic features. The small addition (0.2 wt.%) of the 
PEI additive did not improve the surface morphology and produced a very similar 
surface. The introduction of the Lugalvan IZE additive (0.2 wt.%) resulted in the 
disappearance of the dendritic features; instead the deposit was populated with hemi-
spherical features with a size of approximately 1 – 3 µm in diameter. In addition, 
excellent evenness and uniformity was obtained by adding the Lagalvan P additive 
(0.2 wt.%) in the electrolyte. The resultant coatings were smoother and more compact. 
 
  
    
a b 
c d 
Figure 2.25 SEM images showing the surface morphology of coatings electroplated 
at 100 mA/cm2 from the alkaline non-cyanide zinc bath containing 0.2 wt.% with: a) 
no additive, b) PEI, c) Lugalvan IZE and d) Lugalvan P [62] 
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2.5.1.3 Zinc-nickel alloy electroplating 
Zn-Ni alloy electrodeposits have been extensively used as a substitute for Cd coatings 
to provide excellent protection for steel in corrosive, high temperature and severely 
oxidising environments [63][64]. Zn-Ni electrodeposits can be produced from both acid 
and alkaline electrolytes. Acid baths appear to exhibit a higher cathode current 
efficiency (CCE) but worse deposit distribution. In contrast, alkaline plating systems 
result in better performance for distribution on the deposit surface, but not satisfactory 
in obtaining a high CCE [65]. In general, acid systems produce electrodeposits with a 
nickel content of approximately 8–15% and the nickel content in coatings produced 
from alkaline systems ranges from 5–9% [66]. Figure 2.26 shows the equilibrium 
phase diagram for the Zn-Ni binary system [67]. It is seen that three main phases could 
be obtained in the Zn-Ni coating: a) η phase (a solid solution of Ni in Zn with a Ni 
content less than 1%), b) δ phase (an intermetallic phase – Ni3Zn22) and c) γ phase 
(an intermetallic phase – Ni5Zn21) [68]. The η and the γ phases are predominantly 
formed in both commercial acid and alkaline bath systems. The η phase, with an hcp 
crystal structure, is a solid solution of Ni in Zn. The γ phase is an intermetallic 
compound Ni5Zn21, which has a body centred cubic structure [33, 34]. In general, the 
η phase is formed when the nickel content is less than 5 wt%. As the nickel content 
increases to 10 wt%, a mixture of the η and the γ phases is formed in the coating. A 
single γ phase is obtained when the nickel content is in the range between 10 wt% 
and17 wt% [69][70]. 
 
  
Figure 2.26 Zinc nickel thermal equilibrium diagram [67] 
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Previous investigations into the difference in phase formation between the acid and 
the alkaline electroplating systems have been proposed [71][72]. Chandrasekar 
reported [71] their XRD results (Figure 2.27) which showed that a single γ phase was 
present in the alkaline Zn-Ni electrodeposits, whilst a mixture of η and the γ phases 
were observed for coatings produced from the acid Zn-Ni electrolytes. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition, other researchers [73] reported complementary findings that, for the acid 
Zn-Ni system, complexing agents in the electrolyte played an important role in phase 
formation. It was found that the use of citrate as a complexing compound produced a 
predominant η phase in the coatings. A monoclinic δ phase and γ phase appeared 
when the nickel content in the deposits were over 5.2% and 10.4%, respectively. The 
acid Zn-Ni bath with a different complexing agent – acetate - were comprised of all the 
three phases (η, δ and γ). It was further reported that the η phase dominated when 
the nickel content in the deposit was below 6.5%, while the δ phase was predominant 
when the nickel content ranged from 6.5 to 14%. For a high nickel content (15 – 17%), 
the deposits were mainly composed of the γ phase. 
The formation of phases in the Zn-Ni electrodeposits is also determined by other 
factors; for example the amount of nickel that has been co-deposited in the coatings. 
Figure 2.27 XRD patterns showing the presence of alloy phases in Zn-Ni 
electrodeposits produced from different electroplating baths: 1) acid bath and 2) 
alkaline bath[71] 
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Previous studies showed that the nickel content in the electrodeposits was a function 
of the nickel concentration in the electrolyte (Figure 2.28) [71]. For the acid bath system, 
the weight percent of nickel in deposits is linearly proportional to the nickel 
concentration in the electrolyte; whilst for the alkaline bath the nickel content in 
coatings initially increases with an increase in the nickel concentration in the bath and 
then remains constant when the nickel concentration in the electrolyte is over 55 wt.%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Apart from nickel concentration in the electrolyte, there are other parameters that are 
able to affect nickel content and phase formation in Zn-Ni alloy electrodeposits. Li et 
al. [36] reported their studies into the role of deposition current density on the nickel 
content in the coatings among various electroplating baths (Figure 2.29), which 
suggested that the nickel content in the coatings produced from the alkaline bath 
almost remained constant (~ 15 wt.%) over a wide range of deposition current 
densities (0 to 60 A/dm2). In contrast, for the two different acid bath systems, the nickel 
content varied as a function of current density. Other researchers have also reported 
Figure 2.28 Effect of the nickel concentration in the electrolyte on the nickel 
content in the Zn-Ni alloy electrodeposits: A) acid bath system and B) alkaline 
bath system [71] 
A 
B 
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that the nickel content in the coatings remains constant over a wide range of current 
densities for alkaline Zn-Ni electroplating baths [72]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The surface morphology of the Zn-Ni electrodeposits is strongly determined by nickel 
content and phase formation. Sohi and Jalali [74] reported the effect of Ni content in 
the coatings on the surface morphology of deposits from their acid Zn-Ni bath 
containing ammonium chloride and boric acid (Figure 2.30). It was found that a 
lamellar structure appeared for coatings with a nickel content of 3.3 wt.%, which is due 
to the formation of a η phase. As the nickel content was increased to 10.2 wt.%, a 
mixture of η and γ phases was formed which produced a granular structure with 
porosity. A further increase in the nickel content to 13.2 wt.% gave rise to a transition 
from the mixture of the two alloy phases to a single γ phase and produced a dense 
plate like structure. When the nickel content was increased to 19 wt.%, the phase 
remained the same, whilst the surface morphology was changed to a more compacted 
granular structure.   
Figure 2.29 Effect of cathode current density on the nickel content in the zinc-
nickel alloy electrodeposits produced from three different electrolytes [72] 
58 
 
 
 
 
 
 
Tozar and Karahan stated that deposition current density also played a key role in the 
surface morphology of Zn-Ni alloy electrodeposits [75]. They reported experimental 
results which showed the change of surface morphology of an acid Zn-Ni 
electrodeposit as a function of deposition current density [Figure 2.31]. It can be seen 
that the deposit surface was populated with hexagonal-pyramidal clusters at low 
current densities. When current density was increased to 30 mA/cm2, a change in 
surface morphology occurred, resulting in the formation of finer spherical features on 
the deposit surface. In addition, they reported that surface uniformity, coverage and 
deposit brightness were significantly improved as current density was increased.  
Figure 2.30 SEM images showing the change of the surface morphology of acid 
Zn-Ni alloy electrodeposition as a function of the nickel content in the coatings: a) 
3.3 wt.%, b) 10.2 wt.%, c) 13.2 wt.% and d) 19 wt.% [74] 
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Figure 2.31 SEM images showing the change of the surface morphology of an 
acid Zn-Ni alloy electrodeposition as a function of deposition current density: a) 
10 mA/cm2, b) 15 mA/cm2, c), 20 mA/cm2, d) 25 mA/cm2 and e) 30 mA/cm2 [75] 
a b 
c d 
e 
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The effect of deposition current density on the surface morphology of alkaline Zn-Ni 
electrodeposits have been studied by Mosavat et al. [72]. Their SEM analysis (Figure 
2.32) showed that the surface morphology of coatings produced from an alkaline 
glycinate bath was significantly altered as a function of deposition current density. The 
deposit surface was comprised of micron-sized spherical colonies. The authors stated 
that these colonies on the deposit surface did not correspond to Zn-Ni alloy grains. 
This is supported by their TEM and XRD results, which showed that the average grain 
size was only 22 nm. Hence, they confirmed that every colony was comprised of a 
number of nano-sized grains. Deposits subjected to higher current densities produced 
larger colonies with clearer colony boundaries, but finer grains. 
  
Figure 2.32 SEM images showing the change of the surface morphology of an 
alkaline glycinate Zn-Ni alloy electrodeposition as a function of deposition current 
density: a) 5 mA/cm2, b) 20 mA/cm2, c), 30 mA/cm2, and d) 50 mA/cm2 [72] 
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2.5.2 Hot-dip galvanised (HDG) coatings 
Hot-dip galvanising (HDG) is a process of coating iron and steel products with an 
adherent and protective layer of zinc and zinc/iron compounds by immersing them in 
a molten zinc bath at a temperature of approximately 460ºC [52]. Similar to zinc 
electroplating, HDG coatings are primarily applied to protect substrate materials from 
corrosion. HDG coatings are produced and used in large quantities for long-term 
service conditions. Some major applications of HDG coatings are bulk structural steel 
for architectural applications, highway guard rails, marine pilings and steel pipes. In 
fact, where steel is exposed to atmosphere, soil, or water corrosion, HDG coatings are 
a standard, cheap and effective method that can provide outstanding corrosion 
protection [52]. In general, HDG coatings are several hundred microns thick, much 
thicker than electroplated coatings [52].  
Typically, HDG coatings are made up of several layers. Figure 2.33 shows the cross-
sectional microstructure of hot-dip galvanised steel composing of three alloy layers 
and a layer of pure metallic zinc on the surface. From the photomicrograph, it is clear 
that the zeta, delta and gamma zinc-iron alloy layers are harder than the substrate 
steel, and hence provide very good resistance to abrasion and mechanical damage, 
besides effective corrosion resistance.  
 
Figure 2.33 Photomicrograph of the cross-sectional microstructure of typical hot-
dip galvanised coatings on steel substrate [52] 
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The thickness, alloy structure and surface appearance of HDG coatings are 
significantly determined by base material chemistry and surface condition [52]. 
Roughening the steel surface by grit blasting increases the surface area, which results 
in higher reactivity to molten zinc and produces thicker coatings. However, on the other 
hand, this also gives rise to a rough surface finish and poor appearance. With respect 
to the effect of base material chemistry, both silicon (Si) and phosphorous (P) contents 
in the steel play an important role in the thickness, appearance and properties of HDG 
coatings. Certain levels of Si and P can produce excessively thick HDG coatings, but 
these are brittle and easily damaged (Figure 2.34). Hence, to avoid this in HDG 
coatings, base steel must be low in silicon and phosphorous. Generally, steels that 
contain less than 0.05% Si and 0.05% P are suitable for conventional hot-dip 
galvanising [52]. 
 
Figure 2.34 Effect of silicon content of steels on hot-dip galvanised coating mass 
and appearance [52] 
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Also, the coating thickness is a function of other key parameters that include a) the 
immersion time (Figure 2.35a), which controls the thickness of alloy layer; b) the 
withdraw speed from the bath, which controls the amount of unalloyed zinc and c) the 
bath temperature (Figure 2.35b), which controls both the thickness of the alloy and the 
pure zinc layers. 
 
  
Galvanising temperature/ºC 
(a) 
Immersion time/min 
(b) 
Figure 2.35 a) HDG coating thickness versus galvanising temperature for a typical 
silicon-killed steel at different immersion times [52]; b) HDG coating thickness 
versus immersion time for a typical silicon-killed steel galvanised at various 
temperatures [52] 
 
C
o
a
ti
n
g
 t
h
ic
k
n
e
s
s
 /
µ
m
 
C
o
a
ti
n
g
 t
h
ic
k
n
e
s
s
 /
µ
m
 
64 
 
Previous studies have showed experimental evidences, suggesting that hot-dip 
galvanised coatings were also susceptible to zinc whisker growth. It was observed that 
the inner surface of HDG steel pipes was populated with long zinc whiskers (up to 10 
mm in length), after being stored in a warehouse for more than 15 years [23]. However, 
this phenomenon does not attract much attention from whisker researchers. The 
reason may be that HDG coatings are primarily used for large components and 
whisker growth from them is not seen as problematic in comparison to tin and/or zinc 
electrodeposits used on smaller and more sensitive electronic components. 
 
Concluding Remarks 
Compared with tin whisker investigations, much less research effort has been focused 
on zinc whiskers. Some zinc whisker growth mechanisms have been proposed, but 
the results of such studies are often conflicting and there is, at present, no widely 
accepted growth mechanism in place. Also, there are very few investigations into the 
role of process parameters (e.g. substrate materials, electrolyte types and storage 
conditions) that may be associated with zinc whisker growth and it is still not clear how 
these parameters affect the propensity of a deposit to grow whiskers. The 
development of whisker mitigation strategies is limited due to the incomplete 
understanding of zinc whisker formation and growth mechanisms. Post-electroplating 
thermal treatment, which has been identified as an effective mitigation method for tin 
whiskers, was, however, found to promote zinc whisker growth. Other potential 
mitigation methods such as conformal polymeric coatings and metal underlays have 
been proposed to address zinc whisker growth. However, it is not known how effective 
such mitigation strategies would be, since there is no related research in the literature.  
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3. EXPERIMENTAL 
 
3.1 Introduction of zinc electroplating baths  
Three commercial zinc electroplating baths (alkaline zinc, acid zinc and zinc-nickel 
alloy) were provided by MacDermid Company.  
Envirozin 120 is an electrolyte for alkaline cyanide-free zinc electroplating. It can 
produce bright zinc electrodeposits that have good appearance, uniform thickness 
distribution and excellent adhesion properties. Deposit performance can be improved 
by the introduction of post-electroplating treatments (e.g. conversion coatings or a 
layer of lacquer), which provide better appearance and enhance some functional 
properties such as corrosion resistance. The disadvantage of this system is that its 
cathode current efficiency dramatically decreases as current density increases and is 
fairly low (approximately 35 – 50%) when operated at high current densities.  
Kenlevel TR Brightener is a chloride acid zinc plating system, which is potassium 
based with no ammonia. In addition to excellent deposit brightness and levelling, this 
system has very high current cathode efficiency (~ 90%) across a wide range of 
deposition current densities and a fast electroplating rate. It also has good resistance 
to high current density burning.  
Enviralloy Ni 12 – 15 is a system for the electrodeposition of alkaline zinc nickel alloy 
coatings with a nickel content of 12 – 15%. It provides good corrosion resistance even 
at high temperatures. Another advantage of this system is that the nickel content and 
deposit thickness do not change significantly across a wide range of deposition current 
densities and operating conditions.  
The composition of the three commercial zinc baths for rack and barrel electroplating 
is shown in Table 3.1 below. In this project, all the electroplating baths were prepared 
based on the rack electroplating formulations. 
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Table 3.1.a The composition of commercial alkaline non-cyanide zinc baths 
(Envirozin 120) 
 
*Isobrite 408 is a concentrated base solution containing 75 g/L zinc metal and 330 g/L 
sodium hydroxide (free caustic). 
 
Table 3.1.b The composition of commercial acid chloride zinc baths (Kenlevel TR 
Brightener) 
 Rack Barrel 
Zinc Chloride 60 g/L 70 g/L 
Potassium Chloride 220 g/L 220 g/L 
Boric Acid 30 g/L 30 g/L 
Kenlevel TR Brightener 0.5 mL/L 0.5 mL/L 
Kenlevel Ultima Carrier 35 mL/L 35 mL/L 
 
 Rack Barrel 
Isobrite 408* 146  mL/L 200  mL/L 
Sodium Hydroxide 82  g/L 79  g/L 
Envirozin Conditioner 25 - 40  mL/L 25 - 40  mL/L 
Envirozin Initial Additive 7  mL/L 4  mL/L 
Envirozin 120 Rack 
Brightener 
1.5  mL/L 2  mL/L 
Envirozin Purifier As required up to 2  
mL/L 
As required up to 2  
mL/L 
Envirowetter 1  mL/L 1  mL/L 
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Table 3.1.c The composition of commercial alkaline zinc-nickel alloy baths 
(Enviralloy Ni 12 – 15) 
 
 
3.2 Preparation of zinc electroplating baths 
3.2.1 Alkaline zinc electrolyte 
A clean beaker (1 litre) was firstly treated with a diluted sodium hydroxide solution (5 
– 10 g/L) and rinsed with water. The clean beaker was half-filled with deionised water, 
and then the required amount of Isobrite 408 was slowly poured in and stirred until 
mixed thoroughly. The required amount of sodium hydroxide was subsequently added 
and well agitated until achieving completely dissolved. After this, Envirowetter was 
added to reduce excessive mists and sprays. If required, filtration was carried out at 
this stage. The solution temperature should be below 30ºC prior to proceeding with 
subsequent preparation procedures. The required amount of the following additives 
was added in the following sequence: Envirozin Conditioner, Envirozin Initial Additive, 
Envirozin 120 Rack Brightener, Envirozin Purifier. Finally, the solution was diluted with 
deionised water to the final volume (1 litre) and well stirred again until all the chemicals 
were dissolved completely.  
 Rack Barrel 
Isobrite 408 93 mL/L 114 mL/L 
Sodium Hydroxide 84 g/L 82 g/L 
Envirozin Replenisher 10 mL/L (1 vol.%) 10 mL/L 
Enviralloy Ni 12-15 Part A 20 mL/L (2 vol.%) 25 mL/L 
Enviralloy Ni 12-15 Part B 40 mL/L (4 vol/%) 40 mL/L 
Enviralloy Ni 12-15 Part C 11 – 13 mL/L 15 – 18 mL/L 
Enviralloy Ni 12-15 Part D 5 – 7 mL/L 3 – 5 mL/L 
Envirowetter 1 mL/L 1 mL/L 
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3.2.2 Acid zinc electrolyte 
A clean beaker (1 litre) was firstly treated with a diluted sodium hydroxide solution (5 
– 10 g/L) and rinsed with water. The clean beaker was half-filled with deionised water 
and then heated up to 60ºC using a hotplate. The required amount of zinc chloride and 
potassium chloride were added and well agitated until they were completely dissolved. 
The required amount of boric acid was subsequently poured into the solution and 
mixed well to dissolve. 2 ml hydrogen peroxide (30% v/v) was added and the solution 
was agitated for at least one hour. After this, the Kenlevel Ultima Carrier and Kenlevel 
TR Brightener were added simultaneously. Finally, the solution was made up to the 
final volume (1 litre) with deionised water. If necessary, the pH of the solution was 
adjusted with hydrochloric acid (35% v/v) to achieve an optimum pH 5.2.  
 
3.2.3 Alkaline zinc nickel electrolyte 
A clean beaker (1 litre) was firstly treated with a diluted sodium hydroxide solution (5 
– 10 g/L) and rinsed with water. The clean beaker was half-filled with deionised water. 
The required amount of Isobrite 408 was slowly poured in and stirred until mixed 
thoroughly, and then the required amount of sodium hydroxide was added and mix 
well to dissolve. At this stage, the temperature of the solution was monitored to make 
sure that it was below 30ºC before proceeding with the subsequent make-up. The 
required amount of the additives was added in the following sequence: Envirozin 
Replenisher, Enviralloy Ni 12 – 15 Part A, Part B, Part C and Part D. After this, 
Envirowetter was added in the solution to reduce excessive mists and sprays. Finally, 
the solution was diluted with deionised water to the final volume (1 litre) and well stirred 
again until all the chemicals were dissolved completely.  
  
69 
 
3.3 Zinc electroplating procedures 
Mild steel substrates (1.0 mm thickness) were electroplated with zinc using the three 
commercial zinc electroplating baths. The substrates, with dimensions 2 x 4 cm, were 
used as cathodes with an electroplated area of 2 x 2 cm. There was no additional 
polishing or grinding operations applied to the substrates. The anode material was a 
≥ 99.9% zinc metal foil (0.3 mm thickness). Prior to deposition, the substrates were 
first washed with detergent, degreased with acetone, pickled in a 32 wt. % solution of 
(SG 1.16) hydrochloric acid for 1 minute to remove surface oxides, rinsed with 
deionised water and finally dried using a hot-air dryer. The anode material underwent 
a similar pre-treatment, except that in the pickling stage it was immersed in a 20 vol. % 
solution of (SG 1.83) sulphuric acid for 30 seconds. The whole experimental 
electroplating system is shown in Figure 3.1. No agitation was applied during 
electrodeposition. After deposition, all the samples were stored at controlled 
temperature (23°C) and humidity (50%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Experimental set-up for zinc electroplating 
 
Cathode 
Anode 
Power 
supply 
Hot 
plate 
Acid Zn 
plating bath 
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The recommended cathode current density range for rack electroplating was: a) acid 
zinc system 15 – 30 mA/cm2, b) alkaline zinc system 20 – 35 mA/cm2 and c) zinc-
nickel alloys system 15 - 25 mA/cm2. In this project, however, the range of current 
densities investigated was broadened for all the three systems. The cathode current 
density utilised was in a range from 5 to 40 mA/cm2, in order to more fully understand 
the role of current density on the characteristics of zinc electrodeposits as well as 
subsequent whisker growth from the deposit surface. 
 
3.4 Calculation of coating thickness and cathode current efficiency (CCE) 
a) Coating thickness 
Mass of electrodeposit (∆W):  
∆W = Mass after electroplating (W’) − Mass before electroplating (W)         
Volume of electroplated zinc (V) = ∆W / Density of zinc (𝜌)                           
Hence, 
Thickness of zinc coating (T) = V / A (Electroplated Area)                             
 
b) Cathode current efficiency (CCE) 
According to Faraday’s law: 
Weight m = (Q / F) × (M / z) 
Where m is the mass of the substance liberated at an electrode in grams, Q is the total 
electric charge passed through the substance, F is the Faraday constant which equals 
to 96,485 C/mol, M is the molar mass of the substance and z is the valence number 
of ions of the substance. 
Q (C) = I (A) × t (s) 
So the weight of zinc in theory should be: 
m = (Q / F) × (M / z) 
    = (I × t / F) × (M / z)          
Hence,          
Electroplating Efficiency (𝜇) = ΔW / m 
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For calculating the CCE of Zn-Ni alloy electroplating, the Faraday’s law equation is 
modified as below: 
ΔWZn = ΔWtotal × Zn wt.% 
ΔWNi = ΔWtotal × Ni wt.% 
ΔQZn = (ΔWZn × F × Z)/MZn 
ΔQNi = (ΔWNi × F × Z)/MNi 
Qtotal (c) = I (A) × t (s) 
Hence, 
Electroplating Efficiency (𝜇) = (ΔQNi + ΔQNi)/ Qtotal 
 
3.5 Selected deposition parameters 
3.5.1 Effect of deposition current density 
Deposition current density is one of the most important parameters that significantly 
influences deposit characteristics and also subsequent whisker growth from the 
deposit surface. In the current work, deposition current density investigated ranged 
from 5 to 40 mA.cm2. This group of samples were electrodeposited to obtain a 
thickness of approximately 5 – 6 µm (standard thickness of zinc electroplating 
commercially used in industry) by controlling the deposition time. Three samples were 
assessed for each current density. The calculated operating parameters and the CCE 
as a function of current density for alkaline zinc, acid zinc and Zn-Ni alloy electroplating 
are shown in Table 3.2 Below.  
 
Table 3.2.a Calculated operating parameters and cathode current efficiency for 
obtaining coatings with a thickness of 5 – 6 µm for alkaline zinc electroplating 
Current density 
(mA/cm2) 
Deposition time 
(minutes) 
Deposit thickness 
(µm) 
Cathode current 
efficiency (%) 
5 40 5.1 88.9 
10 22 5.2 82.3 
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15 16 5.3 78.9 
20 14 5.8 72.4 
25 11.5 5.3 63.1 
30 11 5.2 55.2 
35 12 5.4 43.9 
40 12 5 36.3 
 
 
Table 3.2.b Calculated operating parameters and cathode current efficiency for 
obtaining coatings with a thickness of 5 – 6 µm for acid zinc electroplating 
 
 
 
Current density 
(mA/cm2) 
Deposition time 
(minutes) 
Deposit thickness 
(µm) 
Cathode current 
efficiency (%) 
5 40 5.3 92.3 
10 20 5.3 91.8 
15 13.5 5.3 92.3 
20 10 5.2 90.3 
25 8 5.2 89.4 
30 6.7 5.2 89.2 
35 5.7 5.1 88.0 
40 5 5.1 88.6 
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Table 3.2.c Calculated operating parameters and cathode current efficiency for 
obtaining coatings with a thickness of 5 – 6 µm for Zn-Ni alloy electroplating 
 
3.5.2 Effect of deposit thickness 
Deposit thickness was also controlled to evaluate its influence on deposit 
characteristics and whisker growth. This group of samples were electrodeposited to 
obtain different thicknesses of 2, 5, 10 and 15 µm with a consistent current density (25 
mA/cm2). Three samples were assessed for each deposit thickness. Calculated 
deposition time for obtaining different deposit thicknesses for the three zinc 
electroplating was shown in Table 3.3. 
 
Table 3.3.a Calculated deposition time for obtaining coatings with different 
thicknesses for alkaline zinc electroplating 
Current density 
(mA/cm2) 
Deposition time 
(minutes) 
Deposit thickness 
(µm) 
25 4.5 2 
Current density 
(mA/cm2) 
Deposition time 
(minutes) 
Deposit thickness 
(µm) 
Cathode current 
efficiency (%) 
5 44 5.2 82.3 
10 24 5.4 77.8 
15 16 5.3 74.2 
20 13 5.3 71.1 
25 11 5.2 65.2 
30 10 5.4 62.3 
35 9 5.3 57.8 
40 9 5.4 52.0 
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25 11.5 5 
25 23 10 
25 34.5 15 
 
 
Table 3.3.b Calculated deposition time for obtaining coatings with different 
thicknesses for acid zinc electroplating 
Current density 
(mA/cm2) 
Deposition time 
(minutes) 
Deposit thickness 
(µm) 
25 3 2 
25 8 5 
25 16 10 
25 24 15 
 
 
Table 3.3.c Calculated deposition time for obtaining coatings with different 
thicknesses for Zn-Ni alloy electroplating 
Current density 
(mA/cm2) 
Deposition time 
(minutes) 
Deposit thickness 
(µm) 
25 4.5 2 
25 11 5 
25 22 10 
25 33 15 
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3.5.3 Effect of substrate materials 
In this project, two different materials, cold-rolled mild steel and Hull Cell panels, were 
utilised as the substrates for zinc electroplating, to assess the effect of substrate 
material on deposit characteristics and whisker growth. The Hull Cell panels (HULL 
J10 OSSIAN), provided by MacDermid Ltd., were carbon steel (chemical composition 
is not clear) coated with a thin layer of bright zinc for corrosion protection. Hence, prior 
to electrodeposition, the original protective zinc coating was removed by immersing in 
a 32 wt. % solution of (SG 1.16) hydrochloric acid for 1 minute. Apart from this, sample 
preparation for the Hull Cell panel samples was exactly the same as that for the mild 
steel samples. The Hull Cell panel samples were electrodeposited at three different 
current densities (5, 25 and 40 mA/cm2) with a consistent thickness of ~ 6 µm. After 
deposition, these samples were stored at the same condition as the mild steel samples. 
The difference in the deposit surface between the Hull Cell and the mild steel samples 
is shown in Figure 3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As-electrodeposited 
Hull Cell panel 
As-electrodeposited 
mild steel panel 
Figure 3.2 Optical image showing the surface of 6 µm alkaline zinc coatings on a 
Hull Cell steel panel and a mild steel substrate immediately after deposition 
1 cm 
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3.5.4 Post-electroplating thermal treatment 
The role of a post-electroplating thermal treatment on whisker growth from the three 
commercial zinc electrodeposits was investigated in the current study. 6 µm thick mild 
steel samples electrodeposited from the three types of electroplating baths at 25 
mA/cm2 were thermally treated in a Carbolite CWF 1300 furnace immediately after 
deposition. Thermal treatment of the samples was controlled by altering exposure 
temperatures and the time that samples were in the oven; the former was ranged from 
50 to 150 ºC and the latter varied from 0.5 to 72 hours. Three samples were assessed 
for each thermal treatment condition. After the treatment, all the samples were stored 
at room temperature for further analysis. The surface morphology of the samples was 
analysed in the FEGSEM 2 hours after thermal treatment and whisker growth was 
monitored in the FEGSEM at monthly intervals. Operating parameters used for the 
thermal treatment of the three zinc electrodeposits are shown in Table 3.3. Three 
control samples were also prepared to compare whisker growth between as-deposited 
and thermal treated samples.  
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 Table 3.4 Operating parameters used for the thermal treatment of the three zinc 
electrodeposits 
 
  
Sample No Heating temperature (ºC) Heating time (hours) 
H 1 50 0.5 
H 2 50 1 
H 3 50 24 
H 4 50 72 
H 5 80 0.5 
H 6 80 1 
H 7 80 24 
H 8 80 72 
H 9 120 0.5 
H 10 120 1 
H 11 120 24 
H 12 120 72 
H 13 150 0.5 
H 14 150 1 
H 15 150 24 
H 16 150 72 
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3.5.5 Chromium-based passive coatings 
Chromium-based passive coatings are widely used to protect zinc surfaces against 
corrosion and/or as a decorative finish. In this project, chromium-based passive 
coatings were applied onto alkaline zinc electrodeposits as a possible whisker inhibitor. 
It is thought that the passivation coating, acting as a physical barrier, is to some extent 
capable of inhibiting whisker growth. Since hexavalent chromium is one of the 
substances that were restricted by the European Union directive of Restriction of 
Hazardous Substances (RoHS) in 2006, trivalent chromium was used in the current 
work. The trivalent chromium-based passive coating, commercially named TriPass 
ELV 1500LT, is produced by MacDermid Ltd. Solution make-up procedures used are 
as follows: 
A clean beaker (1 litre) was first treated with a dilute sodium hydroxide solution (5 – 
10 g/L) and rinsed with water. 150 ml TriPass ELV 1500LT solution was slowly poured 
in and mix well to dissolve. At this stage, the solution pH value was checked and 
adjusted to pH 1.9 using 25% (v/v) sodium hydroxide solution. The solution was diluted 
with deionised water to the final volume (1 litre), after which it was heated up on a hot 
plate until its temperature reached 38 ºC. The solution was mildly agitated at this 
temperature for at least 2 hours. Finally, the pH of the solution was rechecked and 
adjusted if necessary.  
The application of the trivalent chromium-based passive coating onto zinc 
electrodeposits was by immersion. Samples investigated were 6 µm alkaline zinc 
coatings electrodeposited at 25 mA/cm2. Immediately after electroplating, as-
deposited samples were completely immersed in the passivation solution at 38 ºC for 
90 seconds, slowly withdrawn from the solution, and then washed with deionised water 
and dried using a hot-air dryer. Three passivated samples were assessed and stored 
at room temperature (20ºC). Three controlled samples were also prepared to compare 
whisker growth between as-deposited and passivated samples.  
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3.6 Techniques used for characterisation of zinc electrodeposits and whisker growth 
A number of techniques were utilised for characterisation of zinc electrodeposits and 
subsequent whisker growth, including field emission gun scanning electron 
microscope (FEGSEM), electron backscatter diffraction (EBSD), x-ray diffraction 
(XRD), focused ion beam (FIB) and freeze fracture methods. 
 
3.6.1 FEGSEM 
FEGSEM analysis of the surface morphology of alkaline non-cyanide zinc 
electrodeposits, and subsequent whisker growth from them, was carried out using a 
Carl Zeis (Leo) 1530 VP field emission gun scanning electron microscope (FEGSEM), 
equipped with an Oxford Instruments X-Max 80 mm2 EDS detector. The accelerating 
voltage used for secondary electron imaging was 5 kV. The surface morphology of 
electrodeposits as a function of deposition current density was examined immediately 
after deposition. Whisker growth, in terms of growth morphologies, dimensions and 
densities, was initially monitored every week until the first whiskers were observed and 
then at monthly intervals. Whisker density (including short curved eruptions and long 
filaments) was obtained by counting the number of whiskers in a small area (1 × 1 
mm2) in the FEGSEM. 10 random areas were selected for obtaining an average 
number, based on which the total number throughout the entire deposit surface (2 × 2 
cm2) was calculated.  
 
3.6.2 XRD 
The preferred crystallographic orientation of the zinc deposits as a function of cathode 
current density was assessed using a D2 PHASER desktop x-ray diffractometer, which 
is equipped with an integrated PC and a flat screen monitor. The x-ray is a Cu radiation 
(standard ceramic sealed tube) with a wavelength of 1.542 nm.  
The parameters set for the tests in this project were shown below: 
2 theta (θ) angle scanned: 20º to 110º 
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Step size: 0.02º 
Step rate: 
0.2s
step
 
Spinner rotation: 15 rpm 
 
3.6.3 Mechanical cross-sectioning 
The cross-sectional microstructure of the zinc deposit was firstly investigated by 
mechanical cross-sectioning, since it is a simple and relatively rapid method. Samples 
were cut and cold mounted in epoxy resins at a standard size (30 mm diameter). The 
mounted samples were then mechanically ground using silicon carbide paper. Each 
sample was gradually ground from P240 to P400, P800 and finally P1200. The ground 
samples were subsequently polished in a semi-automatic grinding/polishing system 
(LaboPol-5 with LaboForce, Struers). By altering grinding discs and polishing cloths 
from the coarsest to the finest grade, the samples were gradually polished to achieve 
a 1 µm surface finish. After that, a twenty-minute final chemo-mechanical polishing 
with colloidal silica suspension (OPS, Struers) was introduced to remove residual 
surface damages caused by prior polishing and also to achieve a better surface finish 
less than 1 µm. The polished samples were immediately rinsed using deionised water 
and dried by hot-air dryer.  
However, it was found that mechanical cross-sectioning was not able to provide good 
results for alkaline zinc, acid zinc and zinc-nickel alloy coatings. In the FEGSEM, it 
was observed that a large number of cracks were present on the surface of the cross-
sectioned coatings (shown in Figure 3.3). The grain structure and size of the deposit 
cannot be seen from the cross-sectioned surface and the grain boundaries are not 
clearly differentiated from the FEGSEM images. 
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Figure 3.3 FEGSEM images showing the microstructure of the mechanically 
cross-sectioned alkaline Zn coatings electrodeposited at 25 mA/cm2 
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3.6.4 FIB cross sectioning 
In this case, a FEI Nova 600 Nanolab Dualbeam technique was used to investigate 
the cross-sectional microstructure of the zinc deposit by ion beam milling a trench in 
the zinc layer. The ion beam energy used for both imaging and milling was 30 kV. 
Initially, a layer of platinum (~ 1 µm thick) was deposited on the area of interest for 
protection from ion milling. In order to observe the cross-section, a rectangular trench 
of approximately 40 µm in length, 25 µm in width and 10 µm in depth was ion milled 
using a high current of 20 nA. After this, the area of interest went through two cleaning 
cross-section processes in sequence using lower currents of 7 and 3 nA respectively, 
to improve the surface finish of the cross section. The current used for ion beam 
imaging of the resultant cross-section was 30 pA. Figure 3.4 is an ion beam image 
showing the cross-sectional microstructure of a 6 µm thick alkaline zinc coating 
electrodeposited at 25 mA/cm2. It is seen that the grains and the grain boundaries 
cannot be clearly differentiated from the ion beam image. This technique is still difficult 
to provide information with regard to the grain size and the grain structure of zinc 
electrodeposits. 
 
  Figure 3.4 A FIB image showing the cross-section of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2 immediately after deposition 
2 µm 
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3.6.5 EBSD combined with a FIB lift-out technique 
The characteristics of the zinc deposit in terms of crystallographic orientation and grain 
structure and size were determined by Electron Backscatter Diffraction (EBSD) using 
an Oxford Instruments Nordlys Nano Detector equipped in the FEGSEM. A problem 
is that the top surface of the three kinds of zinc electrodeposits produced in this study 
possessed micro-roughness. Thus, EBSD analysis on the top surface cannot provide 
good results. One of the solutions is that zinc coatings underwent a preparation 
method using a Leica EM RES101 ion beam milling system prior to EBSD analysis, to 
produce a comparatively flat surface. The sample preparation makes the EBSD results 
better but not necessarily satisfactory. Detailed results with regard to the improvement 
in EBSD analysis achieved by the introduction of ion beam milling preparation is 
discussed in Section 4.1.1.2. The other solution is to investigate the cross-sectional 
microstructure of the deposit rather than the top surface. As mentioned in Section 3.3.3 
and 3.3.4, both mechanical cross-sectioning and FIB cross-sectioning were difficult to 
provide information regarding the grain size and the grain structure. Accordingly, a FIB 
lift-out technique combined with in-situ EBSD was utilised to address the problem. 
Samples for in-situ FIB electron backscatter diffraction (EBSD) analysis were prepared 
using a lift-out technique with the FEI Nova 600 Nanolab dual beam FIB. The lift-out 
procedure was as follows: the section to be analysed was partially cut free from the 
sample, using a current of 20 nA. Only a bridge of 3 µm in width was left, by which one 
side of the lift-out section remained attached to the sample (shown in Figure 3.5a). 
The other side of the section was then attached to an Omniprobe by platinum 
deposition, after which the bridge was cut and the section was completely free from 
the sample (shown in Figure 3.5b). Finally, the lift-out section was attached to a Cu 
grid using platinum deposition (shown in Figure 3.5c) for subsequent EBSD analysis. 
An ultra-high speed Hikari EBSD camera system was used to investigate the 
crystallographic orientation, the grain size and the grain structure of the cross-section. 
For EBSD analysis, an accelerating voltage of 20 kV and a step size of 0.05 µm were 
used. 
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A bridge 
Figure 3.5a FIB imaging showing one side of the lift-out section of a nodule on the 
surface of a 6 µm alkaline zinc coatings electrodeposited on mild steel at 25 
mA/cm2 remaining attached to the sample by a 3 µm wide bridge  
The lift-out 
section 
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Omniprobe 
Cu grid 
Figure 3.5b FIB imaging showing the section extracted from a nodule on the 
surface of a 6 µm alkaline zinc coatings electrodeposited on mild steel at 25 
mA/cm2was attached to an Omniprobe and lifted out from the sample 
Figure 3.5c FIB imaging showing the section extracted from a nodule on the 
surface of a 6 µm alkaline zinc coatings electrodeposited on mild steel at 25 
mA/cm2 was attached to a Cu grid for subsequent EBSD analysis 
The lift-out 
section 
The lift-out 
section 
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3.6.6 Freeze fracture 
A freeze fracture technique was used to investigate the grain size and structure of the 
zinc deposit, to compare with the EBSD results. As-deposited samples were immersed 
in liquid nitrogen (- 196ºC) for 10 seconds, immediately after which the frozen samples 
were manually bent using two steel pliers. In this manner, mild steel substrates were 
markedly bent and zinc coatings in the highly deformed areas were completely 
fractured following the grain boundaries, known as intergranular fracture. The samples 
after freeze fracture were fixed onto aluminium stubs and then analysed in the 
FEGSEM to observe the grain structure. 
 
3.6.7 Inductively coupled plasma atomic emission spectroscopy (ICPE) 
The chemical compositions of the substrate materials, as-received mild steel and the 
Hull Cell panels, were investigated using a Shimadzu ICPE-9000 inductively coupled 
plasma atomic emission spectroscopy technique. The Hull Cell panels were first 
immersed in a 32 wt. % solution of (SG 1.16) hydrochloric acid for 1 minute to remove 
the original protective zinc coatings. Two materials were then mechanically cut into 
small pieces with a consistent weight of 0.5 gram per piece, after which each piece 
was separately immersed in a 10 ml aqua regia solution (concentrated nitric acid and 
hydrochloric acid in a volume ratio of 1:3) for a few hours until the metals were 
completely dissolved in the solution. Three pieces of samples were assessed for each 
material. Hence, six solutions were prepared for subsequent ICPE analysis. 
ICPE analysis, using inductively coupled plasma as the light source, produces excited 
atoms and ions to emit electromagnetic radiation at wavelengths characteristic of a 
particular element, for the detection of sample solutions. The constituent elements can 
be identified by their characteristic emission lines and quantified by the intensity of the 
same lines. 
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4. RESULTS AND DISCUSSIONS 
 
4.1 Alkaline zinc electrodeposits 
4.1.1 Characterisation of the deposit 
4.1.1.1 The effect of deposition current density on deposit surface morphology 
6 µm zinc coatings were electrodeposited onto mild steel substrates and then stored 
at room temperature (20ºC). The current densities used for electrodeposition were 5, 
10, 15, 20, 25, 30, 35 and 40 mA/cm2. Samples were initially analysed in the FEGSEM 
2 hours after electrodeposition to monitor the as-electroplated surface morphology of 
the zinc deposit. FEGSEM images for the initial surface morphology of the deposit as 
a function of cathode current density are shown in Figures 4.1.1 a-h. It is apparent that 
current density plays a key role in the deposit surface morphology. The surface of the 
samples electrodeposited at low current densities was comparatively rough, but 
became smoother as the current density was increased. Also, it is worth noting that a 
number of irregularly raised features were clearly present on the low current density 
samples, which suggested that a poor quality deposit was obtained when the 
deposition current density was very low. On the samples deposited at 5 mA/cm2, the 
vast majority of these features were in the form of radiating needles protruding from 
the surface, some of which had grown very large with a diameter of > 50 µm (Figures 
4.1.2 a and b). For the 10 mA/cm2 samples, these features were significantly different 
to those on the 5 mA/cm2 samples. Clusters of protuberant features were formed 
throughout the samples, instead of needles. Some of these features exhibited a 
dendritic structure, i.e. they had a main branch with a number of sub-branches 
associated with them (Figures 4.1.3 a and b). As all the samples were analysed only 
2 hours after deposition, it is suggested that these features were formed during 
deposition rather than developing afterwards. It is thought that the growth of these 
irregularly raised features might be associated with a change in the number of 
nucleation sites as a function of cathode current density [51-52]. Another possible 
reason could be attributed to localised high current density effects, which might be 
associated with the formation of these features. The number of such features was 
markedly reduced as current density was increased.  
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a) b) 
 50 𝛍𝐦 
Figure 4.1.1 Low magnification FEGSEM images showing the surface morphology of 6 
µm alkaline non-cyanide zinc coatings electrodeposited on mild steel at various cathode 
current densities: a) 5mA/cm2; b) 10mA/cm2; c) 15mA/cm2; d) 20mA/cm2; e) 25mA/cm2; f) 
30mA/cm2; g) 35mA/cm2 and h) 40mA/cm2 
 50 𝛍𝐦 
c) 
 50 𝛍𝐦 
d) 
 50 𝛍𝐦 
e) 
 50 𝛍𝐦 
f) 
 50 𝛍𝐦 
g) 
 50 𝛍𝐦 
h) 
 50 𝛍𝐦 
89 
 
 
  
40 µm 
5 µm 
Figure 4.1.2 a and b FEGSEM images showing irregularly raised features 
growing on 6 µm alkaline non-cyanide zinc coatings electrodeposited on 
mild steel at 5mA/cm2  
a) 
b) 
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2 µm 
500 nm 
Figure 4.1.3 a and b FEGSEM images showing irregularly raised features 
growing on 6 µm alkaline non-cyanide zinc coatings electrodeposited on 
mild steel at 10mA/cm2 
a) 
b) 
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Higher magnification imaging showed that the surface was typically comprised of 
needle-like features of approximately 1 µm in length and 100 nm in width (Figure 4.1.4 
a-h). The needle-like features were randomly aligned with no apparent preferred 
orientations. Similar structures have also been reported when samples were 
electrodeposited from other alkaline zinc electroplating baths [76][62]. It is also 
noteworthy that the dimension of the needle-like surface features was changed 
markedly as a function of deposition current density. A current density of 5 mA/cm2 
gave rise to longer and broader features. The length and width of the surface features 
were significantly reduced when the current density was increased to 10 mA/cm2. As 
the current density was further increased, the size of the surface features was reduced 
slightly. It is assumed that as current density is increased, more nuclei initiate on the 
cathode surface during deposition and impinge upon each other as they grow. In other 
words, the growth of each nucleus is considerably restricted as the number of nuclei 
is increased, which results in the formation of smaller surface features.  
In addition to the irregular features, numerous raised hemi-spherical features were 
also present on the deposit surface. They are termed as “nodules” in this investigation 
(Figure 4.1.5 a and b). These nodules were not limited to the low current density 
samples, but were prevalent on samples deposited at every current density. A higher 
magnification SEM image of one of the nodules is shown in Figure 4.1.5b. The nodules 
varied in size with some larger nodules more than 20 µm in diameter. Importantly, the 
nodules did not exhibit any typical zinc whisker characteristics, such as striations, and 
were comprised of the same needle-like features as the remainder of the 
electrodeposit; i.e. it can be concluded that the nodules were not any form of whisker 
eruption. Since SEM analysis was conducted immediately after deposition and the 
nodules were already present, it is clear that the nodules were formed during 
electroplating rather than developing afterwards. This assumption is further supported 
by SEM analysis of the nodules after 6 months storage, which showed that the size 
and the shape of the nodules remained unchanged. On the basis of this observation, 
it was initially assumed that the nodules were produced due to localised high current 
density effects, similar to the formation of the irregularly raised features on the low 
current density samples. However, this assumption was proven to be incorrect when 
the cross section of the zinc nodules was investigated using FIB. This will be 
introduced in detail in Section 4.1.3.4. 
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Figure 4.1.4 High magnification FEGSEM images showing the surface morphology of 6 
µm alkaline non-cyanide zinc coatings electrodeposited on mild steel at various cathode 
current densities: a) 5mA/cm2; b) 10mA/cm2; c) 15mA/cm2; d) 20mA/cm2; e) 25mA/cm2; f) 
30mA/cm2; g) 35mA/cm2 and h) 40mA/cm2 
a) 
 1 𝛍𝐦 
b) 
 1 𝛍𝐦 
c) 
 1 𝛍𝐦 
d) 
 1 𝛍𝐦 
e) 
 1 𝛍𝐦 
f) 
 1 𝛍𝐦 
g) 
 1 𝛍𝐦 
h) 
 1 𝛍𝐦 
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20 µm 
2 µm 
Figure 4.1.5 a and b FEGSEM images showing low and high magnification 
images of zinc nodules formed on the surface of 6 µm alkaline non-cyanide 
zinc coatings electrodeposited on mild steel at 20 mA/cm2 
 
a) 
b) 
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4.1.1.2 Characterisation of grain size, structure and crystallographic  orientation of 
zinc electrodeposits 
EBSD has been used to investigate the grain size, the grain structure and the 
crystallographic orientation of alkaline non-cyanide zinc electrodeposits. However, it 
is difficult to obtain good quality EBSD results due to the roughness of the deposit 
surface. EBSD maps for  6 µm alkaline cyanide-free zinc electrodeposited at 30 
mA/cm2 with respect to the X, Y and Z directions (X and Y directions are parallel to 
and Z direction is vertical to the analysed sample) are shown in Figure 4.1.6. Only 29% 
of the analysed points were indexed. The grain size, the grain structure and the 
crystallographic orientation were not clear from the results. 
To overcome this difficulty, ion beam milling has been used as a pre-treatment method 
to produce a smoother deposit surface for EBSD analysis. Figure 4.1.7 showed that, 
for the samples being subjected to ion beam milling, the index rate was significantly 
increased from 29% to 60% and some information with regard to the grain size, the 
grain structure and the crystallographic orientation of the deposit can be obtained from 
the EBSD results. The EBSD maps indicated that the diameter of the alkaline zinc 
grains was less than 1 µm with some grains smaller than 0.1 µm. This result is in 
agreement with other published data for some different zinc electrodeposits, of which 
the solution chemistry is quite different to that in the current study. For example, 
Lindborg in 1974 characterised an alkaline cyanide zinc electrodeposit that contained 
a commerical brightening compound based on anise aldehyde. He reported that the 
grains were columnar with a diameter of 0.04 – 0.4 µm [18]. In 2012, Etienne et al. 
also suggested that their zinc electrodeposits (the details of the electroplating solution 
is not known) were made up of columnar grains with an average size of 270 nm wide 
and 1.50 µm long with vertical grain boundaries [77]. In the current work, FIB cross-
sectioning was also applied to investigate the grain size and structure of the zinc 
deposits (Figure 3.4). However, from the ion beam image, it is very difficult to 
distinguish grain boundaries, i.e. there was no real contrast. This grain size was so 
small that it was difficult to clearly see. It appears that the method best suitable for the 
investigation of such small grains is to prepare a sample using a FIB lift-out technique 
and then analyse using in-situ EBSD. This is discussed in detail in the in Section 
4.1.3.5.  
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X direction 
Y direction 
Z direction 
Figure 4.1.6 EBSD patterns for 6 µm alkaline cyanide-free zinc coatings 
as-electrodeposited on mild steel at 30 mA/cm2 with respect to the X, Y 
and Z directions  
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X direction 
Y direction 
Z direction 
Figure 4.1.7 EBSD patterns for 6 µm alkaline cyanide-free zinc coatings 
electrodeposited on mild steel at 30 mA/cm2 after ion milling with respect to the X, 
Y and Z directions  
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On the basis of the EBSD maps and inverse pole figures (Figure 4.1.7), the 
crystallographic orientaion of zinc electrodeposits can be determined. The EBSD 
inverse pole figure with respect to the Z direction (i.e. the normal direction) showed 
that the majority of zinc grains (those shown as blue and green) were orientated 
between [010] and [120] directions, parallel to the deposit surface. In the current thesis, 
all the Miller-Bravais indices (four figure system) has been converted to Miller indices 
(three figure system) for the sake of simplicity. Similar samples deposited at 15 
mA/cm2 have also been investigated (shown in Figure 4.1.8). The EBSD results 
showed that the crystallographic orientation of the zinc deposit electrodeposited at 
different current densities was quite similar. This observation implies that the preferred 
crystallographic orientaion of the alkaline non-cyanide zinc electrodeposits is between 
[010] and [120] directions and does not change significantly with cathode current 
density.   
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X direction 
Y direction 
Z direction 
Figure 4.1.8 EBSD patterns for 6 µm alkaline cyanide-free zinc coatings 
electrodeposited on mild steel at 15 mA/cm2 after ion milling with respect to the X, 
Y and Z directions  
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X-ray diffraction (XRD) analysis of 6 µm alkaline non-cyanide zinc electrodeposited at 
different current densities was also undertaken to investigate the preferred orientation 
of the zinc deposit, for comparison with the EBSD results. The current density range 
investigated was from 15 to 40 mA/cm2 and three samples were assessed for each 
current density. The XRD patterns (with background subtraction) in Figure 4.1.9 
suggested that the zinc peaks obtained from alkaline zinc electrodeposits, in terms of 
d-spacing, fitted well with the pure zinc powder pattern (PDF#65-5673 [78]), except 
that two additional peaks were observed corresponding to the 2θ angles of 44.65 and 
65º. Based on the standard powder diffraction files [79], these two peaks were 
matched with a pure iron powder pattern, which indicated that both peaks were 
obtained from the steel substrate. With respect to the zinc peaks, it is apparent that 
the intensity of the (002), (101) and (110) peaks was much stronger than that of other 
zinc peaks. As current density was increased, the intensity of the (002) and the (110) 
peaks remained the same. The intensity of the (101) peak was first reduced and then 
increased slightly when the current density was above 30 mA/cm2, however, the 
difference was very small. Similar to the EBSD results, XRD analysis showed that 
cathode current density did not strongly influence the crystallographic orientation of 
the alkaline non-cyanide zinc electrodeposits.   
The preferred crystallographic orientation can be calculated according to Equation 1 
listed below [80] and plotted as a function of current density (Figure 4.1.10). Calculated 
texture coefficients indicated that [110] was probably the preferred orientation of 
alkaline non-cyanide zinc electrodeposits, when the current density used was in a 
range between 15 and 40 mA/cm2.  
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In terms of the preferred crystallographic orientation, it appears that the EBSD and 
XRD results are not consistent, since EBSD analysis suggests that the zinc grains are 
orientated between [010] and [120] directions, whilst the results based on XRD 
analysis indicate that [110] is the crystallographic orientation. To rationalise the 
difference in the results obtained by these two techniques, it is important to understand 
the principle of inverse pole figures for zinc, which exhibit a hexagonal structure. For 
a hexagonal crystal system, a 60º unit triangle (main area) is chosen from six 
symmetrically equivalent areas of full inverse pole figures as (Figure 4.1.11) [81]. 
Across the central line of the 60º unit triangle, the two separate 30º triangles are in 
essence equivalent. In other words, each of the directions in the left 30º triangle has 
an equivalent direction in the right 30º triangle. Hence, in most cases, a 30º triangle is 
presented as the unit triangle in place of a 60º triangle for the sake of simplicity. From 
the full inverse pole figure for the hexagonal system (Figure 4.1.12), it is apparent that 
[010], [120] and [110] directions are located in the same 60º unit triangle (Area Ⅱ). 
[120] direction is the central line of the 60º unit triangle. In this case, across the [120] 
direction, the [010] direction, in the left 30º triangle, is in essence equivalent to the 
[110] direction that is at the corresponding position in the right 30º triangle. EBSD 
analysis suggests that zinc grains are orientated between the [010] and [120] 
directions. What can also be equally understood is that the crystallographic orientation 
of the deposit is between the [110] and [120] directions, since the [010] and [110] 
directions are equivalent. Accordingly, the EBSD results are essentially in agreement 
with the XRD results.    
Similar results with respect to the crystallographic orientation of zinc electrodeposits 
have been reported in the literature. For example, Lindborg, on the basis of XRD 
results, suggested that zinc grains tended to be orientated with a plane {112̅0} (planes 
perpendicular to the [110] direction) parallel to the plane of the surface, and the 
crystallographic orientation [110] appeared to be favourable for subsequent whisker 
growth [6]. This observation was also confirmed by other studies published in the 
literature [49][48][77]. 
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2 Theta (θ) 
2θ=44.65 º 
15 mA/cm2 
20 mA/cm2 
25 mA/cm2 
30 mA/cm2 
35 mA/cm2 
Pure zinc 
powder 
Figure 4.1.9 X-ray diffraction patterns (with background substraction) for 
pure zinc powder (PDF#65-5673 [78]) and 6 µm alkaline cyanide-free zinc 
coatings electrodeposited on mild steel at various current densities 
2θ=44.65 º 2θ=65 º 
40 mA/cm2 
2θ=44.65 º 2θ=65 º 
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Figure 4.1.10 Texture coefficients of 6 µm alkaline cyanide-free zinc on 
mild steel as a function of deposition current density  
Figure 4.1.11 Full inverse pole figures for hexagonal crystal system [81] 
The left 30º 
triangle 
The right 30º 
triangle 
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In order to investigate the grain size and the grain structure of the alkaline non-cyanide 
zinc electrodeposits, mechanical cross-sectioning, FIB cross-sectioning and surface 
analysis by EBSD were used. However, none of them were able to provide good 
results. As a result, a freeze fracture technique, which is also known as intergranular 
fracture, has been used to investigate the grain structure of the zinc deposit. The 
freeze fracture results for samples deposited at 10, 20, 30 and 40 mA/cm2 are shown 
in Figure 4.1.12. With regard to the grain structure, it is apparent the zinc deposit was 
columnar in structure with a vertical orientation relative to the substrate. This 
observation is in agreement with the widely accepted knowledge that alkaline zinc 
electrodeposits possess a columnar structure. However, in terms of the grain size, it 
is not clearly known whether the columnar growths that extend throughout the entire 
layer are individual zinc grains or clusters of several zinc grains (or sub-grains) 
grouped together in the growth direction. It is still difficult to determine the exact size 
of the zinc grains based on the freeze fracture images.  
It is worth noting that current density has a strong influence on the grain size and the 
grain structure of the alkaline zinc electrodeposits. On the basis of the freeze fracture 
results, it appears that a high current density gave rise to a thinner and more uniform 
columnar structure, whilst the structure became wider and finer columnar as the 
current density was reduced. When the current density was reduced to 10 mA/cm2, 
the columnar structure was not apparently evident from the fractured areas. It is 
speculated that higher current densities could result in the formation of more 
nucleation sites, and thereby finer columnar grains, which is similar to the change in 
the surface morphology of zinc electrodeposits as a function of current density. Also, 
the change in structure might induce different stress distributions within the zinc film, 
which could subsequently have an influence on zinc whisker growth. 
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Figure 4.1.12 Freeze fracture images for the alkaline zinc deposits on mild 
steel electrodeposited at different current densities: a) 10 mA/cm2; b) 20 
mA/cm2; c) 30 mA/cm2 and d) 40 mA/cm2 
 1 𝛍𝐦  2 𝛍𝐦 
 2 𝛍𝐦  2 𝛍𝐦 
a) b) 
c) d) 
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4.1.2 Effect of process parameters on subsequent zinc whisker growth 
Effects of process parameters; for example deposition current density, deposit 
thickness and substrate materials, on zinc whisker growth have not been widely 
reported in the literature. The present chapter details experimental results with regard 
to the influence of the parameters mentioned above on zinc whisker growth. 
 
4.1.2.1 Deposition current density 
To understand the role of cathode current density on whisker growth, a set of samples 
with 6 µm zinc coatings were electrodeposited on mild steel substrates at different 
current densities (from 5 to 40 mA/cm2). They were subsequently stored at room 
temperature (20ºC). Three samples were assessed for each current density. FEGSEM 
analysis of the samples after 27 months storage showed that deposition current 
density had a significant influence on whisker growth from the alkaline zinc 
electrodeposits on mild steel substrates. It is evident that whisker (including both 
curved eruptions and long filaments) density was proportional to cathode current 
density, as shown in Figure 4.1.13. The surface of samples deposited at 40 mA/cm2 
was populated with the largest number of whiskers (~ 4500 per cm2), whilst far fewer 
whiskers (~ 1000 per cm2) have been found growing on samples deposited at 10 
mA/cm2. The vast majority of whiskers on alkaline zinc electrodeposits were short 
curved eruptions, while only a small proportion were long whisker filaments, 
particularly in the case of low current density samples. However, the number of long 
whisker filaments was markedly increased from approximately 100 to 500 per cm2 
when the current density was above 30 mA/cm2. More importantly, it is noteworthy that 
there was no evidence of whisker growth on the samples deposited at 5 mA/cm2 after 
27 months of storage. This result suggests that samples electrodeposited at low 
current densities are less prone to develop whiskers, and when the current density is 
very low (e.g. 5 mA/cm2), whisker growth on the alkaline zinc electrodeposits can be 
significantly inhibited for a long period of time. A reduction in whisker growth as the 
deposition current density decreases is thought to be associated with the occurrence 
of hydrogen evolution, which will be discussed in the later Section 4.1.3.7. 
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However, the disadvantage of using low current densities cannot be neglected; i.e. 
low current densities produce lower quality deposits. In this case, a balance must be 
sought between whisker growth and deposit quality. An appropriate deposition current 
density should be determined depending on the specific application. For example, in 
an application where whisker growth is problematic, perhaps a low current density is 
preferable at the expense of deposit quality.   
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Figure 4.1.13 Effect of deposition current density on whisker growth from 6 
µm zinc coatings electrodeposited on mild steel substrates 27 months after 
deposition 
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4.1.2.2. Effect of deposit thickness  
Samples were electrodeposited at 25 mA/cm2 with different thicknesses (2, 6, 10 and 
15 µm). Three identical samples were prepared for each deposit thickness. Whisker 
growth has been assessed in the FEGSEM after 25 months of storage. The change in 
deposit thickness has also been shown to have a significant influence on zinc whisker 
growth (Figure 4.1.14). It is clear that the number of both short curved eruptions and 
long filaments were considerably reduced as a result of increased deposit thickness. 
The 2 µm thick samples exhibited the most significant whisker growth (~ 4000 per cm2), 
while far fewer whiskers (~ 250 per cm2) were present on the 15 µm thick samples. 
There were fewer than 5 per cm2 long whisker filaments present on the thickest 
samples. It is not clearly understood why thicker deposits are more susceptible to 
whisker growth. It is assumed that an increase in deposit thickness may result in 
decreased compressive stress levels within the deposit due to active stress relaxation 
[82].  
 
 
Figure 4.1.14 Effect of deposit thickness on whisker growth zinc coatings 
electrodeposited at 25 mA/cm2 on mild steel substrates 27 months after 
deposition 
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4.1.3 Zn whisker growth mechanisms 
4.1.3.1 Observation of Zn whisker growth 
6 μm alkaline non-cyanide zinc coatings electrodeposited at 25 mA/cm2 were stored 
at room temperature (20ºC). Whisker growth on these samples was monitored 
immediately after deposition and then every week. SEM analysis showed that incipient 
whiskers (shown in Figure 4.1.15), shorter than 1 µm in length, were present on the 
samples 23 days after deposition. After 4 months storage, an increased number of 
whiskers, the majority of which were in the form of large irregular eruptions, were 
present on the deposit surface associated with nodules. Examples of such eruption-
type whiskers are shown in Figure 4.16 a and b. A few filament-type whiskers were 
also observed, some of which were greater than 300 µm in length (Figure 4.1.16 c). It 
is not known whether these long filament whiskers will keep growing at such a high 
rate or for how long, but their presence after only 4 months storage at room 
temperature would cause concern for the potential reliability of electronic and electrical 
components. On the basis of these observations, it is known that zinc electrodeposits 
on mild steel substrates prepared from alkaline cyanide-free zinc plating baths were 
prone to develop whiskers rapidly at room temperature and the incubation time is less 
than 4 weeks. More importantly, it was found that, up to 4 months storage, all the 
whiskers were associated with the nodules. No whiskers were detected growing from 
a planar region of the deposit. Initially, it was conjectured that the presence of the 
nodules was a prerequisite for whisker growth. However, SEM analysis 5 months after 
deposition showed that a few small whiskers had started to grow from planar regions 
of the deposit in the absence of the nodules (Figure 4.1.17 a). 10 months after 
deposition, an increased number of large whiskers growing from planar regions of the 
deposit were present (Figure 4.1.17 b). Based on these observations, it appears that 
whisker growth from planar regions of the deposit occurs much later than that 
associated with the nodules. It can be deduced, therefore, that the presence of the 
nodules on the surface was not a prerequisite for whisker growth, but promoted 
whisker growth by markedly shortening the incubation time. Hence, the mechanism 
for whisker growth associated with the nodules and from the planar regions of the 
deposit may be different and the nodules must have some unique characteristics that 
are favourable for whisker formation. 
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Figure 4.1.15 Incipient zinc whiskers growing from the surface of a nodule on a 6 
μm zinc coating electrodeposited on mild steel at 25 mA/cm2 after being stored at 
room temperature (20ºC) for 4 weeks 
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b) 
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Figure 4.1.16 SEM images showing whisker growth on the surface of 6 μm zinc 
coatings electrodeposited on mild steel at 25 mA/cm2 after being stored at room 
temperature (20ºC) for 4 months: a) and b) curved eruptions and c) a long 
filament whisker  
c) 
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Figure 4.1.17 SEM images showing whiskers growing from the planar deposit 
surface of a 6 µm alkaline non-cyanide zinc coating electrodeposited on mild steel 
at 25 mA/cm2: a) a small whisker present 5 months after deposition and b) a 
longer filament-type whisker present 10 months after deposition 
 
A small 
whisker  
112 
 
4.1.3.2 The role of nodules in whisker growth 
To understand the relationship between the nodules and subsequent whisker growth 
from them, three samples electrodeposited at 25 mA/cm2 were prepared and five 
nodules on each sample were identified and their location was marked with a 
permanent marker pen using an optical microscope and then monitored periodically in 
the FEGSEM; an example of one such nodule is shown in Figure 4.1.18a. Changes to 
the surface morphology of the nodule were first observed 29 days after deposition 
(Figure 4.1.18b). A series of parallel lines, which have the appearance of a “staircase”, 
were present on the surface of the nodule. Such lines are henceforth termed “staircase 
structures” in this thesis. 44 days after deposition, a small whisker was observed 
growing from the top surface of the nodule in the region that had developed the 
staircase structure (Figure 4.1.18c). SEM analysis 68 days after deposition showed 
that the original whisker had become larger and further whiskers had developed on 
the staircase structure (Figure 4.1.18d). Also, it is noteworthy that further staircase 
structures had formed elsewhere on the nodule. It was observed that within one month 
of deposition, staircase structures were present on the surface of most nodules. Once 
a staircase structure appeared on a nodule, subsequent whisker growth would 
typically follow. It was noted that whiskers only grew from the staircase structures 
rather than other regions on the nodules (Figure 4.1.19a), i.e. it appears that a whisker 
was “extruded” from one or more steps of the staircase structures (Figure 4.1.19b). 
SEM analysis after 10 months storage showed that all the nodules with staircase 
structures present had developed whiskers, whilst no whiskers were observed in the 
absence of staircase structures. It is suggested that the staircase structures are pre-
cursors to the growth of zinc whiskers associated with the nodules. Up to 10 months 
storage, no staircase structures were present on a planar region of the deposit. This 
may be the reason that the incubation time for whisker growth from a planar region of 
the deposit is considerably longer. All these observations suggest that the formations 
of nodules and the subsequent development of staircase structures are responsible 
for the shortened incubation time for whisker growth.  
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Figure 4.1.18 FEGSEM images showing the evolution of whiskers on a nodule 
on the surface of a 6 µm zinc coating electrodeposited on mild steel at 25 
mA/cm2 as a function of storage time: a) 2 hours after deposition; b) 29 days 
after deposition; c) 44 days after deposition and d) 68 days after deposition 
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Figure 4.1.19 FEGSEM images showing whisker growth associated with the 
staircase structures on nodules on the surface of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2: a) whisker growth is always 
associated with the staircase structures and b) a whisker “extrusion” from the 
staircase structures 
 
Small 
whiskers 
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To further investigate the development of the staircase structures, periodic SEM 
analysis was carried out to monitor the change in whisker growth and the associated 
staircase structures on a nodule as a function of storage time. The first analysis was 
undertaken 5 weeks after deposition (Figure 4.1.20a) and the second analysis was 
after a further two weeks (Figure 4.1.20b). On the second analysis, it was observed 
that, not only had the whisker become slightly larger, but also that the width of the 
staircase structure had increased, i.e. the staircase structures were developing along 
with whisker growth. An increase in the width of the staircase is also indicated by the 
relative position of two small pores on the right hand side of the whisker (circled in 
Figure 4.1.20 a and b) that were initially separated by a distance of 1 µm but had 
moved further apart to 1.25 µm after 2 weeks further storage. On the basis of these 
findings, it is thought that the original surface of the nodule was expanded by the 
inclusion of new material, as the whisker and the staircase structure were growing. In 
other words, the as-deposited surface of the nodule itself was not transformed to 
create the increased width of the staircase structures. Additionally, from Figure 4.18, 
it is apparent that even though whiskers of significant size were formed on the nodule 
surface, which would have required a large volume of material in their formation, the 
apparent size of the nodule was not decreased. All these observations suggest that 
the nodule itself was not consumed by the whisker growth. It is speculated that the 
development of the staircase structures and subsequent whisker growth was probably 
supported by the long range diffusion of zinc. 
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Figure 4.1.20 FEGSEM images showing whisker growth associated with the 
staircase structures on a nodule on the surface of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2: a) the first analysis undertaken 5 
weeks after deposition and b) the second analysis after a further 2 weeks 
500 nm 
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4.1.3.3 Investigation of nodules using FIB 
To more fully understand the influence of the nodules on whisker growth, several 
nodules were cross-sectioned four months after deposition using a focused ion beam 
(FIB) technique. FIB analysis of nodules with and without whiskers growing from them 
is shown in Figure 4.1.21 a and b. In both cases, a cavity was present beneath the 
nodules. To date, a cavity has been observed beneath every cross-sectioned nodule 
(more than 20 nodules have been cross-sectioned), irrespective of whether a whisker 
is growing from it or not. It is noteworthy that the thickness of the deposit above a 
cavity was similar to that of the adjacent planar deposit and that the apparent increase 
in deposit thickness was solely due to the presence of the cavity beneath the nodule. 
FIB analysis of nodules on freshly electroplated samples showed that the cavities were 
already present; i.e. the nodules and the cavities were formed during deposition rather 
than developing afterwards. The mechanism for the formation of the nodules and the 
cavities present beneath is thought to be associated with hydrogen evolution that 
occurs on the cathode deposit surface. This will be discussed in detail in Section 
4.1.3.7. 
The effect of nodule formation on zinc whisker growth has also been investigated 
previously. Fortier and Pecht [31] found similar features on their freshly-prepared zinc 
electroplated steel samples. On the basis of EDX analysis, they reported that nodules 
contained a much higher level of oxygen compared with adjacent regions where 
nodules were not present and could be favourable sites for whisker growth. On the 
basis of their findings, EDX analysis was undertaken to determine whether the 
shortened incubation time for whisker growth from nodules in the current study could 
also be attributed to increased oxide formation on the nodule surface. The oxygen 
content and distribution in the regions containing nodules and the adjacent regions 
where nodules were not present was examined by EDX analysis, which indicated that 
there was no variation in oxygen levels. Both of the regions contained very little oxygen. 
These observations were not in agreement with Fortier and Pecht’s investigations. 
However, EDX is not a very sensitive way to measure surface oxygen content, and 
thus it cannot be completely concluded that zinc oxidation was not associated with 
whisker growth from nodules.  
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4.1.3.4 FIB induced artefacts 
From the FIB images, regions showing a different contrast to that of the normal deposit 
(dark grey areas arrowed in Figure 4.1.21 a and b) were always present on the inner 
surface of the cavities. TEM/EDS analysis, shown in Figure 4.1.22, indicated that 
these regions were predominantly iron. The diffraction pattern obtained from such 
regions was comprised of diffuse rings, different to that of the substrate iron, which 
indicates that the iron in the dark grey areas was amorphous or nanocrystalline. These 
results suggest that the dark grey features were iron sputtered from the substrate 
during ion milling, which then re-deposited onto the inner surface of the nodules. 
Therefore, such features are an artefact of the FIB milling processes and not 
associated with either the electrodeposition process or whisker growth. 
4.1.3.5 Recrystallisation and whisker growth 
EBSD analysis of FIB lift-out sections has been used to investigate the cross-sectional 
microstructure of zinc coatings, nodules and whiskers. A sample, which was prepared 
4 months after deposition, contained an eruption-type whisker growing from a nodule. 
The ion beam image and the crystallographic orientation map, shown in Figure 4.1.23, 
indicated that the zinc deposit and part of the nodule was composed of fine grains of 
approximately 2 µm in length and 200 nm in width. These grains were typically 
columnar with grain boundaries normal to the deposit surface. However, grains on the 
inner surface of the deposit at the apex of the nodule were equi-axed and much wider 
with a grain size of approximately 1 µm. The recrystallisation of these grains may be 
the first stage of the formation of whiskers. Furthermore, each whisker eruption was 
comprised of a single grain, the largest of which was around 7 µm in width. Another 
cross-section from the same sample was extracted 8 months after deposition. In this 
case, the cross-section contained a whisker growing from a planar region of the 
deposit where no nodules were present (Figure 4.1.24). The EBSD results showed 
that grains near the whisker root were equiaxed, considerably larger than the typical 
grain size of the as-deposited columnar structure and exhibited a different 
crystallographic orientation to the unrecrystallised regions. Therefore, it is established 
that whisker growth is associated with recrystallisation, irrespective of whether 
whiskers were growing from a nodule or from a planar region of the deposit.  
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Figure 4.1.21 FIB images showing the cross-section of nodules on the surface of a 
6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) with whisker 
growth and b) without whisker growth 
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Figure 4.1.22 TEM/EDS analysis of dark grey areas present on the inner surface of 
a nodule that was cross-sectioned from a 6 µm zinc coating electrodeposited on 
mild steel at 25 mA/cm2: a) secondary electron beam image, b) ion beam image, c) 
Zn x-ray map, d) Fe x-ray map and e) TEM diffraction pattern obtained from the 
dark grey areas 
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Figure 4.1.23 EBSD analysis of a FIB lift-out section containing an eruption-type 
whisker growing from a nodule on the surface of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2: a) ion beam image and b) 
crystallographic orientation map 
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Figure 4.1.24 EBSD analysis of a FIB lift-out section containing an eruption-type 
whisker growing from the flat deposit surface of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2: a) ion beam image and b) 
crystallographic orientation map 
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However, by observing only the microstructure after whisker growth, it is not known 
whether these recrystallised grains were already present immediately after deposition 
or after an incubation time associated with whisker growth. In this case, two cross-
sections extracted from a nodule and the planar regions of the deposit were analysed 
straight after deposition. The EBSD results (shown in Figure 4.1.25) suggested that 
both the nodule and the planar regions of the as-deposited coatings were composed 
of fine columnar structure with the absence of recrystallised grains. After a further 4 
weeks, another cross-section that contained staircase structures present on the 
surface of a nodule with no whisker formation was extracted from the same sample 
(shown in Figure 4.1.26). It is suggested that the recrystallisation of the columnar 
grains occurred exactly at the region where the staircase structures were present. 
Other regions of the nodule with no staircase structure present retained the as-
deposited columnar structure. The recrystallisation of the columnar grains occurred 
before whisker growth.  These observations strongly suggested that the development 
of the staircase structures, as indicated by the parallel stretching of the acicular 
surface features on the top surface, is essentially the occurrence of the 
recrystallisation of the as-deposited columnar grains in the nodules. Hence, there are 
three stages for the evolution of zinc whisker growth from the nodules. The first stage 
is the growth of as-electroplated columnar grains, with neither staircase structures nor 
recrystallised grains. The second stage is the recrystallisation of the columnar grains 
occurs in the nodules, along with the development of the staircase structures on the 
top surface of the nodules. It is thought that the second stage is a precursor to 
subsequent whisker growth. The final stage is the development of Zn whiskers from 
the regions where the staircase structures and the recrystallised grains were present. 
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2 µm 
Figure 4.1.25a EBSD analysis of a FIB lift-out section containing a nodule on the 
surface of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2 
immediately after deposition 
 
Figure 4.1.25b EBSD analysis showing the cross-sectional microstructure of 
planar regions of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2 
immediately after deposition 
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Figure 4.1.26 EBSD analysis of a FIB lift-out section containing a nodule with the 
presence of the staircase structures on the surface of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2 4 weeks after deposition: a) Electron 
beam image (the top view) and b) crystallographic orientation map (cross-section) 
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The relationship between recrystallisation and Sn whisker growth has been reported 
by Boguslavsky and Bush [83], who hypothesised that the driving force for 
recrystallisation was the reduction of the interfacial energy of grain boundaries. During 
recrystallisation, certain grains continued to grow at the expense of the adjacent grains, 
and thus the number of grain boundaries was decreased and the total surface energy 
was lowered. Since zinc metal can readily recrystallise at room temperature (25ºC) 
[84] and zinc electrodeposits comprising of a columnar structure have been shown 
previously to be under compressive stresses [9][37], the recrystallisation process can 
occur spontaneously at room temperature to produce a strain-free structure. 
Boguslavsky and Bush suggested that whisker growth was, in essence, a form of 
abnormal grain growth, however, not all the recrystallised grains subsequently grew 
into whiskers, which means that those grains that grew as whiskers must have some 
unique characteristics compared to other grains. They summarised that grains with 
different crystallographic orientations will have different surface energies and those 
having a low surface energy will grow preferentially to relieve the stress. However, 
they did not provide detailed information with regard to the energetically favourable 
orientations for whisker growth. 
In the current study, the time dependent recrystallisation of the as-deposited columnar 
structure is thought to be associated with the difference in the incubation time between 
whisker growth from nodules and that from a planar region of the deposit. In the as-
deposited condition, due to their geometry, the nodules were subjected to a larger 
stress compared with the planar deposit, which is favourable for recrystallisation to 
occur to relieve the stress; i.e. recrystallisation of the columnar structure occurs more 
rapidly within the nodules. This assumption was supported by the EBSD results 
(Figures 4.1.23 and 4.1.24), which showed that, for whisker growth associated with 
nodules, in addition to the whisker grain, a significant number of other recrystallised 
grains were present near the whisker root after 4 months storage, while for whisker 
growth from a planar region of the deposit, within eight months of deposition, no other 
recrystallised grains were present near the whisker root except those that grew as 
whiskers. It is suggested that the presence of the nodules accelerates the occurrence 
of the recrystallisation of the as-deposited columnar structure, and hence promoted 
whisker growth by shortening the incubation time. 
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4.1.3.6 The effect of Fe-Zn intermetallic compounds (IMCs) on whisker growth 
Since it is well known that the presence of Cu-Sn intermetallic compounds is 
associated with whisker growth from tin electrodeposits on copper substrates [29], [85], 
the formation of Fe-Zn IMCs and their possible role in zinc whisker growth has been 
investigated. Three cross-sections were extracted using a FIB lift-out technique from 
the surface of a 10-month old sample with whisker eruptions growing from a planar 
region of the deposit. Both ion beam and SEM imaging were used to observe the 
Fe/Zn interface (Figure 4.1.27). It is clear that there is no obvious evidence of Fe-Zn 
IMCs at the interface or within the zinc coating beneath the whiskers. Whisker growth 
from zinc electroplated steel does not appear to be associated with the formation of 
Fe-Zn IMCs. A previous study reported by Fortier and Pecht [31] suggested that a thin 
layer (< 1 µm) of Fe-Zn IMCs was observed for their bright acid zinc electrodeposits 
on steel when exposed to JEDEC conditions of 50°C and 85% humidity; whilst the 
samples exposed to ambient condition for more than 15 years did not produce any 
IMCs. Conflicting results were proposed by Baated et al [8], [9], who  showed data 
which indicated that Fe-Zn IMCs were not only formed at the Fe/Zn interface, but also 
within the electroplated zinc coatings. They concluded that the presence of Fe-Zn 
intermetallic compounds could result in the development of compressive stresses 
within the zinc film, and thus the subsequent growth of whiskers from the surface to 
relieve the stress.  
Interestingly, although no Fe-Zn intermetallic compounds were present, many voids 
were observed within the zinc deposit (Figure 4.1.27b). It is not known whether the 
presence of these voids is associated with zinc whisker growth. Fortier and Pecht [31] 
also observed voids in the deposit beneath zinc whiskers and proposed that whisker 
growth was associated with the oxidation of zinc metal that occurred on the deposit 
surface. They rationalised that the oxidation process produced voids near the surface, 
which then diffused downwards into the zinc film. The inward diffusion of the voids 
caused zinc atoms to migrate upwards to the surface and form whiskers. In the current 
study, voids were not only formed in the deposit beneath whiskers, but also randomly 
distributed throughout the entire coating layer, which may indicate that void formation 
was not uniquely associated with whisker growth. It is possible that these voids were 
generated by dissolved hydrogen incorporated into the deposit during deposition, due 
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to the low cathode current efficiency (approximately 40%) of the alkaline zinc 
electrodeposition. 
 
  
Figure 4.1.27 The cross-sectional microstructure of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2: a) low magnification SEM image, b) 
high magnification SEM image at the Fe/Zn interface and c) ion beam image 
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4.1.3.7 Investigation of nodules and cavities 
The nature of the nodules and the cavities present beneath is clearly very important 
for understanding whisker growth from the alkaline cyanide-free zinc electrodeposits 
on mild steel substrates. Also, it is known that the nodules and the cavities were 
formed during deposition rather than developing afterwards. In this case, short time 
duration depositions were carried out to monitor their initial development using 
different deposition times of 30, 60, 90, 120, 150, 180, 210 and 240 seconds. Figure 
4.1.28a shows the morphology of the deposit surface after only 30 seconds deposition. 
It was found that some regions of the deposit were fractured and had peeled away 
from the underlying substrate. As the deposition time was increased, the size of the 
fractured regions was reduced and the ‘lifted’ regions of the deposit increased in 
thickness. When the deposition time was increased to 150 seconds, the ‘lifted’ regions 
of the deposit typically merged together to form a complete layer (shown in Figure 
4.1.28e). This is probably the preliminary stage in the development of the nodules. 
When the deposition time reached 180 seconds, some incomplete nodules were 
observed on the deposit surface (shown in Figure 4.1.28f). As the deposition time was 
increased to 240 seconds, no discrete lifted regions were present and the deposit 
surface was similar to that observed after 10 minutes. These observations suggest 
that the formation of the nodules and cavities is closely associated with the fractured 
and ‘lifted’ regions of the deposit observed at short deposition times.  
The mechanism responsible for the formation of the nodules could be stresses 
developed within the coating. The electroplating bath used was an alkaline cyanide-
free zinc plating bath, for which the cathode current efficiency is comparatively low 
(~40%). Strong hydrogen evolution occurs during deposition and a large amount of 
gas is generated on the cathode surface. Hydrogen may be entrapped against the 
substrate by the deposited zinc layer and is likely to migrate towards areas of highest 
stress concentration; i.e. diffuse into the mild steel substrate, produce stresses in the 
steel and hence result in a highly stressed electrodeposit [21][22], which is thought to 
be the driving force for the formation of the nodules. On the other hand, it is noteworthy 
that only part of the coating was fractured and lifted. These particular regions are 
potentially related to the areas where the zinc coating is poorly adhered to the steel 
surface. In the early stages of deposition, when the deposit is very thin, these regions 
with poor adherence are likely to be more prone to delamination and susceptible to 
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fracture due to the stresses developed in the electrodeposit. This is the reason that a 
large number of fractured and ‘lifted’ regions of the deposit were present at short 
deposition times. The poor adherence between the coating and the substrate may be 
attributed to the presence of oxides and/or contaminants on the steel surface. 
Therefore, the stresses developed in the electrodeposit and the poor adherence 
between the zinc and the steel may be responsible for the development of the fractured 
and ‘lifted’ regions of the deposit in the early stages of deposition and the subsequent 
formation of the nodules. Since the nodules were actually up-lifted regions of the 
deposit, a cavity is always present beneath them. 
 
  
5 µm 20 µm 
20 µm 10 µm 
5 µm 2 µm 
a) b) 
c) d) 
e) f) 
Figure 4.1.28 FEGSEM images showing the initial development of the nodules on a 6 µm zinc 
coating electrodeposited on mild steel at 25 mA/cm2 as a function of deposition time: a) 30 
seconds, b) 60 seconds, c) 90 seconds, d) 120 seconds, e) 150 seconds and f) 180 seconds 
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The hydrogen evolution mechanism is also thought to be responsible for an increase 
in whisker growth as increased current densities. In Section 4.1.2.1., it was discussed 
that samples deposited at higher current densities were more susceptible to whisker 
growth. One of the possible explanations could be that cathode current efficiency is 
reduced as increased current density, resulting in increased evolution of hydrogen gas 
on the cathode surface, which subsequently diffuses into the steel during deposition. 
As a result, a larger stress is produced in the steel and more nodules are formed on 
the deposit surface. Since it is found that the nodules are favourable sites for whisker 
growth, more whiskers are present on the higher current density samples.  
In addition to the hydrogen evolution mechanism, the grain size and structure of the 
deposit as a function of current density is also thought to have an influence on whisker 
growth. Based on the freeze fracture results (see in Section 4.1.1.2) the deposit has a 
more columnar structure with thinner grains as current density increases, which will 
produce higher residual stresses within the deposit. It is known that an increased 
residual stress in the deposit is more favourable for whisker growth [6][45]. Hence, the 
change in the grain size and structure of the deposit may be another reason that higher 
current densities promoted whisker growth. 
 
 
10 µm 20 µm 
Figure 4.1.28 FEGSEM images showing the initial development of the nodules 
on a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2 as a 
function of deposition time: g) 210 seconds and h) 240 seconds 
 
g) h) 
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4.1.3.8 The effect of substrate surface condition 
In this study, two different materials, as-received mild steel and Hull Cell panels, were 
utilised as the substrate for electroplating using the same alkaline cyanide-free zinc 
electroplating bath, in order to assess the effect of substrate surface condition on 
deposit characteristics and subsequent whisker growth. The surface of the as-
electroplated Hull Cell and the mild steel panels is shown in Figure 4.1.29. It is 
apparent that the deposit surface of the Hull Cell samples was much brighter and more 
shiny than that of the mild steel samples. More importantly, it was found that the 
deposit surface of the mild steel samples was populated with numerous nodules of 
various dimensions, whilst nodules were not evident on the surface of the 
electrodeposited Hull cell samples (shown in Figure 4.1.30). In other words, the 
formation of the nodules was completely inhibited on the Hull Cell samples. 
 
 
  
As-electrodeposited 
Hull Cell panel 
As-electrodeposited 
mild steel panel 
Figure 4.1.29 Optical image showing the surface of 6 µm alkaline zinc coatings on 
a Hull Cell panel and a mild steel substrate electrodeposited at 25 mA/cm2 
immediately after deposition 
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50 µm 
50 µm 
Figure 4.1.30 FEGSEM images showing the surface morphology of 6 µm alkaline 
non-cyanide zinc coatings electrodeposited at 25mA/cm2 on a) a mild steel 
substrate and b) a Hull Cell panel 
a) 
b) 
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It was discussed in Section 4.1.3.2 that the presence of nodules promoted whisker 
growth by significantly reducing the incubation time. Hence, it is thought the Hull Cell 
samples with the absence of the nodules were much less prone to develop whiskers 
than the mild steel samples. However, SEM analysis 14 days after deposition showed 
that numerous whiskers were present on the deposit surface of the Hull Cell samples 
and all the whiskers were growing from the planar regions of the deposit (shown in 
Figure 4.1.31). The majority of the whiskers were curved eruptions with a diameter of 
~ 2 µm and a few filament-type whiskers, longer than 150 µm in length, were also 
present. In other words, these whiskers had started to grow within 14 days of 
deposition. This observation suggests that elimination of the nodules did not reduce 
whisker growth; instead it markedly shortened the incubation time for whisker growth 
from planar regions of the deposit from ~ 5 months to less than 14 days.  
Initially, it was assumed that the huge difference in nodule formation and whisker 
growth between the Hull Cell and the mild steel samples may be associated with the 
chemical composition of substrate materials; i.e. some elements in the mild steel that 
the Hull Cell panels do not have may be responsible for nodule formation. In this case, 
ICPE analysis was utilised to evaluate the chemical composition of the two materials. 
Three samples were assessed for each material to obtain an average value. ICPE 
results (shown in Table 4.1.1) indicate that the mild steel and the Hull Cell panels after 
removing the original zinc, in essence, have very similar chemical composition. Hence, 
this observation strongly suggests that the chemical composition of substrate 
materials does not play a role in the formation of the nodules. 
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~ 150 µm 
Figure 4.1.31 FEGSEM images showing whisker growth from the planar regions 
of the deposit on the Hull Cell samples electrodeposited at 25 mA/cm2 14 days 
after deposition 
100 µm 
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The other main difference between the as-received mild steel substrate and the Hull 
cell panel is that the latter, originally protected with a thin layer of zinc, has a much 
better surface cleanness; i.e. fewer oxides and/or contaminants are present on the 
surface of the Hull cell panels. From Figure 4.1.29 and 4.1.30, it is clear that the as-
electrodeposited Hull Cell sample possesses much brighter and smoother deposit 
surface. It is thought that the surface cleanness of substrate material could have an 
effect on the formation of the nodules and subsequent whisker growth. On the as-
received mild steel, some surface oxides and/or organic contaminants may be 
embedded in the steel surface in depth during rolling process and were difficult to 
remove by chemical pickling, which were responsible for the formation of the nodules 
during deposition. In this case, in order to achieve a cleaner surface, the as-received 
mild steel substrates were ground to a P1200 grit finish using silicon carbide paper 
prior to electrodeposition. Figure 4.1.32 shows the surface morphology of the mild 
steel before and after grinding. Grinding was able to remove the oxides and 
contaminants that could potentially be embedded in the surface by abrading away a 
thicker steel layer, and thus eliminating a favourable source for delamination of the 
coating and subsequent nodule formation.   
Alloy composition % C Mn P S Si 
Mild steel No.1 0.163 0.388 0.047 0.055 0.552 
Mild steel No.2 0.154 0.372 0.046 0.045 0.447 
Mild steel No.3 0.156 0.379 0.049 0.030 0.287 
Hull Cell No.1 0.177 0.421 0.049 0.038 0.431 
Hull Cell No.2 0.143 0.406 0.046 0.036 0.417 
Hull Cell No.3 0.149 0.405 0.046 0.034 0.439 
Mild steel (Average) 0.158 0.380 0.047 0.043 0.428 
Hull Cell (Average) 0.156 0.410 0.047 0.036 0.429 
Table 4.1.1 ICPE analysis showing the chemical composition of the mild steel and 
the Hull Cell panels after removing the original zinc coating 
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10 µm 
 
Figure 4.1.32 (a) FEGSEM image showing the surface morphology of the as-
received mild steel and (b) FEGSEM image showing the surface morphology of 
the same steel after grinding to 1200 grit 
a) 
b) 
10 µm 
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In terms of nodule formation, it was found that nodules were not present on the 
electrodeposits produced on the ground samples, which was similar to that occurred 
on the deposit surface of the Hull Cell samples. In other words, the development of 
the nodules was completely prevented by grinding the surface of the as-received mild 
steel substrate. This result strongly suggests that the formation of the nodules is 
associated with substrate surface cleanliness. A clean substrate surface with no 
oxides and/or contaminants does not develop the nodules. This result also confirms 
the assumption, which has been discussed in Section 4.1.3.7, that the nodules were 
essentially the up-lifted regions of the deposit at the area where the zinc coating is 
poorly adhered to the substrate. The poor adherence is attributed to the presence of 
oxides and/or contaminants on the substrate surface. The surface of the Hull Cell 
panels and the ground mild steel is much cleaner than that of the as-received mild 
steel and there were no poor adhesion areas present. Hence, the nodule formation 
was completely eliminated on the Hull Cell and the ground mild steel samples. 
In terms of whisker growth, similar to the Hull Cell samples, SEM analysis 18 days 
after deposition showed that a large number of whiskers were present on the surface 
of each electrodeposit produced on the ground samples and all the whiskers were 
growing from planar regions of the deposit (shown in Figure 4.1.33). At present, it is 
not fully understood why whisker growth initiated much earlier on the electrodeposits 
on the Hull Cell and the ground mild steel samples than that on the as-received mild 
steel samples, even though the nodules, a favourable site for whisker growth, were 
eliminated. It is thought that the development of the nodules may serve to relieve some 
stress within the deposit. In other words, the Hull Cell and the ground mild steel 
samples, with no nodule formation, were potentially more highly stressed, which 
resulted in accelerated whisker growth.  
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2 µm 
 
2 µm 
 
100 µm 
Figure 4.1.33 FEGSEM images showing whisker growth from the planar regions 
of the deposit on the ground samples electrodeposited at 25 mA/cm2 18 days after 
deposition 
a) 
b) 
c) 
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4.1.3.9 Zinc whisker growth into cavities 
It was often observed that a number of large features were growing into the cavities 
beneath the nodules (Figure 4.1.34). The features have the appearance of curved 
whisker eruptions and show a typical whisker morphology, i.e. striations are present 
on their surface. EDX and EBSD analysis of one such feature, shown in Figure 4.1.35, 
indicated that it was composed of pure zinc with an increased grain size. Also, a long 
chain of recrystallised grains was observed linking the feature to the outer surface of 
the deposit. The size of the recrystallised grains increased as they approach the root 
of the feature at the inner surface of the cavity. The feature itself was comprised of a 
single recrystallised grain. All these observations suggest that the feature was formed 
as a result of recrystallisation; i.e. the growth mechanism is similar to that which results 
in whisker growth from the external surface of nodules and the planar deposit. Hence, 
these features were thought to be zinc whiskers growing downwards into the cavity 
beneath the nodules.  
 
 
 
 
 
 
 
 
 
 
 
3 µm 
Figure 4.1.34 FIB image showing a large feature growing into a cavity beneath a 
nodule on the surface of 6 µm zinc coating deposited on mild steel at 25 mA/cm2 
 
Pt protection 
layer 
Zn layer 
Fe substrate 
Zn whiskers 
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a) b) 
c) 
Figure 4.1.35 EDS and EBSD analysis of a feature growing into a cavity beneath 
a nodule on the surface of a 6 µm zinc coating electrodeposited on mild steel at 
25 mA/cm2: a) ion beam image, b) Zn x-ray map c) crystallographic orientation 
map 
 
Whiskers 
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4.2 Acid zinc electrodeposits 
4.2.1 Deposit characterisation 
4.2.1.1 The effect of deposition current density on deposit surface morphology 
6 µm acid zinc coatings were electrodeposited onto mild steel substrates and then 
stored at room temperature (20ºC). The current densities used for electrodeposition 
were 5, 10, 15, 20, 25, 30, 35, and 40 mA/cm2 respectively. Samples were initially 
analysed using FEGSEM 2 hours after deposition to monitor the as-deposited surface 
morphology of the acid zinc deposit. FEGSEM images for the surface morphology as 
a function of cathode current density are shown in Figure 4.2.1. It is apparent that 
deposition current density did not significantly influence the as-deposited surface 
morphology. Low magnification images showed that the deposit surface was uneven 
with marked rolling lines present. The surface morphology did not change significantly, 
even though the deposition current density was increased from 5 to 40 mA/cm2. Other 
researchers reported a similar surface for their acid zinc samples [55]. More 
importantly, nodules were also formed on the surface of the acid zinc deposit, whilst 
the number of which was dramatically reduced compared with that observed on the 
alkaline zinc samples. As discussed in section 4.1.3.7, nodule formation is associated 
with strong hydrogen evolution reaction that occurs on the cathode surface during 
deposition and results in a highly stressed electrodeposit. In the current work, the acid 
zinc electroplating is of a high cathode current efficiency (over 88% for current 
densities ranging from 5 to 40 mA/cm2). The influence of hydrogen evolution reaction 
can be negligible during deposition. In this case, the residual stress in the acid zinc 
deposit is smaller than that in the alkaline zinc deposit. As mentioned in section 4.1.3.7, 
the nodules are essentially up-lifted regions of the deposit, induced by the large 
residual stress in the coatings. Hence, the number of the nodules is significantly 
decreased on the deposit surface, due to the reduced internal stress within the acid 
zinc coatings. In addition, FEGSEM analysis of the nodules on the acid zinc samples 
6 months after deposition suggested that the size and the shape of the nodules 
remained unchanged. Higher magnification imaging (shown in Figure 4.2.2) indicated 
that, different to that of the alkaline zinc electrodeposit, the surface of the acid zinc 
electrodeposit was highly compacted and the general surface was comprised of very 
fine equi-axed features of approximately 100 nm in diameter. The size of the surface 
features did not change significantly as the deposition current density.   
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 50 𝛍𝐦  50 𝛍𝐦 
 50 𝛍𝐦  50 𝛍𝐦 
 50 𝛍𝐦  50 𝛍𝐦 
 50 𝛍𝐦  50 𝛍𝐦 
Figure 4.2.1 Low magnification FEGSEM images showing the surface morphology of 6 
µm acid chloride zinc coatings electrodeposited on mild steel at various cathode current 
densities: a) 5 mA/cm2; b) 10 mA/cm2; c) 15 mA/cm2; d) 20 mA/cm2; e) 25 mA/cm2; f) 30 
mA/cm2; g) 35 mA/cm2 and h) 40 mA/cm2 
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Figure 4.2.2 High magnification FEGSEM images showing the surface morphology of 6 
µm acid chloride zinc coatings electrodeposited on mild steel at various cathode current 
densities: a) 5 mA/cm2; b) 10 mA/cm2; c) 15 mA/cm2; d) 20 mA/cm2; e) 25 mA/cm2; f) 30 
mA/cm2; g) 35 mA/cm2 and h) 40 mA/cm2 
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4.2.1.2. Characterisation of the grain size, the grain structure and the 
crystallographic orientation of acid zinc electrodeposits 
EBSD analysis has been utilised to investigate the grain size, the grain structure and 
the crystallographic orientation of the acid zinc deposits. Similar to the alkaline zinc 
samples, the top surface of the acid zinc deposit was not smooth enough for obtaining 
good EBSD results. Hence, ion beam milling was also introduced as a pre-treatment 
method to produce a smoother surface for EBSD analysis. EBSD maps for 6 µm acid 
zinc coatings electrodeposited at 30 mA/cm2 with respect to the X, Y and Z directions 
are shown in Figure 4.2.3. It is apparent that, even though the samples were subjected 
to ion beam milling, the EBSD results were still not satisfactory, as indicated by a very 
low index rate (30%). The difficulty to characterise the acid zinc electrodeposit using 
EBSD is not only due to the rough top surface, but also the very fine grains (less than 
100 nm in diameter). The minimum step size of EBSD equipped in the FEGSEM is 0.1 
µm. In this case, the majority of the grains cannot be perfectly indexed, and thus this 
resulted in a very low index rate.  
To overcome this difficulty, a FIB lift-out technique combined with EBSD was ultised. 
A 6 µm acid zinc coating electrodeposited at 30 mA/cm2 was examined using FIB and 
the cross-sectional microstructure of the extracted section was further analysed by in-
situ EBSD with a step size of 0.02 µm (shown in Figure 4.2.4). It was found that the 
introducation of the FIB lift-out technique did not contribute to a significantly better 
result, compared with that obtained from the EBSD analysis. The index rate was still 
low and a large number of grains were not indexed. Based on the ion beam image and 
the EBSD pattern, it is suggested that the acid zinc deposit was comprised of fine equi-
axed grains of < 100 nm in diameter. This observation is consistent with results 
reported by other investigators that acid chloride zinc electrodeposits are comprised 
of equi-axed grains with a grain size of 20 – 50 nm in diameter [60]. However, due to 
the low index rate, it is difficult to accurately determine the overall grain size and the 
crystallographic orientation.  
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X direction 
Y direction 
Z direction 
Figure 4.2.3 EBSD patterns for 6 µm acid chloride zinc coatings 
electrodeposited on mild steel at 30 mA/cm2 after ion milling with respect to 
the X, Y and Z directions  
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2 µm 
2 µm 
Figure 4.2.4 EBSD analysis of a FIB lift-out section showing the cross-sectional 
microstructure of a 6 µm acid chloride zinc coating electrodeposited on mild steel 
at 30 mA/cm2: a) ion beam image and b) crystallographic orientation map 
 
a) 
b) 
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A freeze fracture technique has been used to further evaluate the grain size and the 
grain structure of the acid zinc electrodeposits. The freeze fracture results for coatings 
electrodeposited at 10 and 40 mA/cm2 are shown in Figure 4.2.5. It is clear that the 
acid zinc deposit was equi-axed in structure with a grain size of < 100 nm in diameter. 
This observation is consistent with the result obtained from the EBSD analysis. It is 
worth noting that the deposition current density did not have strong influence on the 
grain size and the grain structure of the zinc electrodeposits, which is in contrast to the 
alkaline zinc system where the opposite is true. It is thought that there are a number 
of factors such as the amount of added brighteners, grain refiners and the pH of 
electrolyte that may affect the grain size and the grain structure. One of the hypothesis 
could be that the cathode current efficiency of the acid zinc electroplating is fairly high 
and does not change significantly as a function of current density. In other words, the 
effect of current density on the number of nucleation sites generated on the cathode 
can be negliable. Therefore, the change in current density does not influence the 
amount of nuclei formation, and thus the grain size of the deposit. 
 
  
500 nm 
500 nm 
200 nm 
200 nm 
a) b) 
c) d) 
Figure 4.2.5 Freeze fracture images for acid zinc chloride coatings on mild 
steel electrodeposited at different current densities: a) and b) 10 mA/cm2; c) 
and d) 40 mA/cm2 
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X-ray diffraction (XRD) analysis of 6 µm acid chloride zinc coatings electrodeposited 
at different current densities was undertaken to evaluate the preferred crystallographic 
orientation. The current density range investigated was from 10 to 40 mA/cm2 and 
three samples were assessed for each current density. The XRD patterns shown in 
Figure 4.2.6 suggested that the zinc peaks obtained from the acid zinc electrodeposits, 
in terms of d-spacing, fitted well with the pure zinc powder pattern [5]. Five peaks (100), 
(002), (101), (102), (110) that correspond to the pure zinc peaks are present in the 
XRD patterns. Two additional peaks at the 2θ angles of 44.65 and 65º that correspond 
to the iron peaks were obtained from the steel substrate. It is apparent that a change 
in deposition current density slightly influenced the crystallographic orientation of the 
acid zinc deposit. As the current density was increased from 10 to 40 mA/cm2, the 
intensity of the (101) peak was significantly increased, along with a huge reduction in 
that of the (002) peak. The intensity of the (102), the (100) and the (110) peaks almost 
remained unchanged, irrespective of the current density. The preferred orientation of 
the deposit was determined by the relative texture coefficient (TC) and plotted as a 
function of deposition current density (shown in Figure 4.2.7). It is suggested that (101) 
is the primary preferred orientation of the acid zinc electrodeposit combined with a 
secondary preferred orientation of (002), for current densities ranged between 10 and 
40 mA/cm2. Some investigators [88] reported that the preferred crystallographic 
orientation of their zinc coatings produced from an acidic sulphate solutions was also 
(101). However, some conflicting observations were proposed that the preferred 
crystallographic orientation of an acid zinc chloride electrodeposit was (002) for the 
current density ranged between 5 to 500 mA/cm2 and the deposit thickness ranging 
from 1.4 to 55 µm [89]. 
It is noteworthy that the XRD patterns for the acid zinc electrodeposits are very similar 
to those observed for the alkaline zinc deposits. All the peaks obtained in the patterns 
are the same for the two zinc electrodeposits. The difference is that, for the alkaline 
deposit, its preferred orientation is (110) for the current density range of 10 to 40 
mA/cm2, whilst the acid zinc deposits comprised of a texture combining a primary 
preferred orientation (101) and a secondary preferred orientation (002). As it is known 
that the preferred orientation of coatings may influence whisker growth, the difference 
in the preferred crystallographic orientation of the two electrodeposits might result in 
a marked difference in subsequent whisker growth from them. 
150 
 
 
  
Figure 4.2.6 X-ray diffraction patterns for pure zinc powder (PDF#65-5973 [78]) 
and 6 µm acid chloride coatings electrodeposited on mild steel substrates at 
various current densities 
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4.2.2 Effect of selected parameters on subsequent zinc whisker growth 
4.2.2.1 Effect of deposition current density 
To understand the role of deposition current density on zinc whisker growth, a set of 
samples with 6 µm acid zinc coatings electrodeposited on mild steel substrates at 
different current densities from 5 to 40 mA/cm2 were prepared and subsequently 
stored at room temperature (20ºC) for further analysis. Three samples were assessed 
for each current density and whisker growth was monitored every month. SEM 
analysis after 25 months storage suggested that there was no evidence of ‘staircase 
structures’ present and all the acid zinc samples did not develop any whiskers. 
Compared with the alkaline zinc samples that had developed a high density of 
whiskers within a few weeks, the acid zinc electrodeposits appeared immune to 
whisker growth over this time period. The markedly increased cathode current 
efficiency (> 88%) for the acid zinc electroplating over a wide range of current density 
is thought to be responsible for the lack of whisker growth. As thoroughly discussed in 
section 4.1.3.7, higher cathode current efficiency reduces hydrogen evolution during 
deposition and thus results in a less stressed deposit, which was adverse for whisker 
formation and growth. This is also probably the reason that the number of the 
electroplating nodules on the acid zinc deposit is considerably decreased.  
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Figure 4.2.7 Texture coefficients of 6 µm acid chloride zinc coatings 
electrodeposited on mild steel as a function of deposition current 
density  
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4.2.2.2 Effect of deposit thickness  
To investigate the effect of deposit thickness on subsequent zinc whisker growth, the 
acid chloride zinc coatings were electrodeposited on the mild steel at 25 mA/cm2 with 
different thicknesses of 2, 6, 10 and 15 µm. Three identical samples were prepared 
for each set of deposit thickness. Whisker growth has been assessed in the FEGSEM 
every month after deposition. FEGSEM analysis 25 months after deposition showed 
that there was no evidence of whisker growth on all the samples irrespective of deposit 
thickness. The change in deposit thickness was not shown to have influence on 
whisker growth from the acid zinc electrodeposits. It was found that, for the alkaline 
zinc deposit, the number of zinc whiskers were pronouncedly increased as a result of 
reduced deposit thickness. However, for the acid zinc samples, the deposit with a 
thickness of 2 µm was still not susceptible to whisker growth.  
4.2.2.3 Effect of substrate surface condition 
In the present study, for the alkaline non-cyanide zinc electroplating, the employment 
of the Hull Cell and the ground mild steel substrates with a better surface condition 
completely prevented nodule formation, but promoted whisker growth by significantly 
reducing the incubation time. Hence, it was assumed that modifying the substrate 
surface condition was also likely to accelerate whisker growth on the acid zinc samples. 
FEGSEM analysis 23 months after deposition suggested that the acid zinc coatings 
on both the Hull Cell and the ground mild steel substrates were immune to whisker 
growth (shown in Figure 4.2.8). In other words, modifying the substrate surface did not 
work well to promote whisker growth from the acid samples. It is thought that the 
alkaline zinc electrodeposits were subjected to a large residual stress in the coatings. 
Improving the surface condition could prohibit the development of the nodules and 
eliminate the source of stress relief. Thus, whisker growth was significantly promoted. 
However, for the acid zinc electroplating with a high cathode current efficiency, the 
electrodeposit is subjected to a much smaller residual stress. In this case, the effect 
of surface condition improvement can be neglected. This may rationalise the result 
that improvement in the substrate surface condition did not affect whisker growth from 
the acid zinc electrodeposits within 23 months of deposition. It is not known whether 
153 
 
the difference in the surface condition of the substrates would affect whisker growth 
on the acid zinc samples for periods after this time span. 
 
  
Figure 4.2.8 FEGSEM images showing the surface morphology of 6 µm acid 
chloride zinc coatings electrodeposited at 25 mA/cm2 on a) Hull Cell panels and b) 
ground mild steel 23 months after deposition 
 25 µm 
b) 
a) 
 25 µm 
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4.3 Zn-Ni alloy electrodeposits 
4.3.1 Characterisation of the deposit 
4.3.1.1 The effect of cathode current density on deposit surface morphology 
6 µm Zn-Ni alloy coatings were electrodeposited onto mild steel substrates and then 
stored at room temperature (20ºC). The current densities used for electrodeposition 
were 5, 10, 15, 20, 25, 30, 35 and 40 mA/cm2. Samples were initially analysed in the 
FEGSEM 2 hours after electroplating to monitor the as-deposited surface morphology. 
FEGSEM images for the surface morphology of the deposit as a function of cathode 
current density are shown in Figures 4.3.1 and 4.3.2. It is apparent that the current 
density plays a key role in the deposit surface morphology. Low magnification images 
showed that the deposit surface of the Zn-Ni coatings was rough and numerous 
nodules were present on the surface. The morphology and the size of the nodules on 
the Zn-Ni deposit were very similar to those present on the alkaline zinc samples. The 
similarity in nodule formation could be attributed to the fact that the alkaline zinc and 
the Zn-Ni alloy electroplating processes possess very similar cathode current 
efficiencies. Hence, both of the two coatings were subjected to a large residual stress 
within the deposit, which promoted the formation of the nodules. 
In addition, it was found that the number of the nodules on the Zn-Ni samples was 
significantly increased as current densities were increased. A high density of the 
nodules was noted on the surface of the samples electrodeposited at 40 mA/cm2, 
whereas for the 5 mA/cm2 samples, only a few nodules were present. As discussed in 
Section 4.2.1.1, the pronounced reduction of nodule formation on the acid zinc deposit 
was due to the increased cathode current efficiency that significantly weakened the 
influence of hydrogen evolution during deposition. This also explains the change in 
nodule formation as a function of deposition current densities for the Zn-Ni deposit. 
The cathode current efficiency for current densities of 5 and 40 mA/cm2 was 81.6% 
and 62.2% respectively. In other words, a stronger hydrogen evolution reaction 
occurred on the surface of the 40 mA/cm2 samples, which probably gave rise to a more 
highly stressed deposit. Accordingly, nodule formation was significantly promoted on 
the samples electroplated with high current densities. 
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 50 𝛍𝐦  50 𝛍𝐦 
 50 𝛍𝐦  50 𝛍𝐦 
Figure 4.3.1 Low magnification FEGSEM images showing the surface morphology 
of 6 µm Zn-Ni coatings electrodeposited on mild steel at various cathode current 
densities: a) 5 mA/cm2; b) 10 mA/cm2; c) 15 mA/cm2; d) 20 mA/cm2; e) 25 mA/cm2; 
f) 30 mA/cm2; g) 35 mA/cm2 and h) 40 mA/cm2 
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Figure 4.3.2 High magnification FEGSEM images showing the surface 
morphology of 6 µm Zn-Ni coatings electrodeposited on mild steel at various 
cathode current densities: a) 5 mA/cm2; b) 10 mA/cm2; c) 15 mA/cm2; d) 20 
mA/cm2; e) 25 mA/cm2; f) 30 mA/cm2; g) 35 mA/cm2 and h) 40 mA/cm2 
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Higher magnification imaging showed that the deposit surface of the Zn-Ni 
electrodeposit was highly compacted and the general surface was comprised of very 
fine features with a size of < 100 nm in diameter. The size of the surface features did 
not significantly change as a function of deposition current density. This surface 
morphology was very similar to that of the acid zinc electrodeposits investigated in the 
current study. More importantly, it is noteworthy that, in addition to the fine surface 
features, a large number of coarser features were also present in the planar regions 
of the Zn-Ni deposit for all the current densities (shown in Figure 4.3.3). These coarse 
regions were randomly distributed across the entire deposit surface. Figure 4.3.4 
compares the difference between the regular and the coarser surface features. It is 
apparent that the coarse regions were more porous and comprised of larger features 
that were essentially agglomerates of fine granular features. In some cases, plate-like 
and needle-like features were also present (shown in Figure 4.3.4.c). It was found that 
deposition current density did not significantly influence the coarse regions, in terms 
of their amount, size and morphology. 
 
  
Coarser feature regions 
Figure 4.3.3 FEGSEM image showing the presence of coarser feature regions 
present on the surface of 6 µm Zn-Ni coatings electrodeposited on mild steel at 
25 mA/cm2 
 
158 
 
 
  
Needle-like features 
Figure 4.3.4 FEGSEM image showing the morphology of a) regular surface 
features, b) coarser features and c) needle-like features present on the surface 
of 6 µm Zn-Ni coatings electrodeposited on mild steel at 25 mA/cm2 
 
(a) 
(b) 
(c) 
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4.3.1.2 The effect of deposition current density on the elemental composition  
EDX analysis was undertaken to investigate the elemental composition of the coatings 
in the regular regions of the deposit, the coarse regions of the deposit and the nodules 
as a function of deposition current density. It was found that the nickel content was 
closely associated with the change in the surface morphology. Figure 4.3.5 shows the 
overall Ni content throughout the entire deposit as a function of deposition current 
density. It can be seen from the graph that the nickel content was slightly increased 
from 12.6 wt.% to 14.9 wt.% as the current density was increased from 5 to 40 mA/cm2. 
This result is consistent with the data source from a MacDermid working report, which 
shows that the nickel content is ranged between 12 to 16 wt.% and is proportional to 
the current density. Similar results were reported in previous studies that the nickel 
content in the alloy coatings was maintained constantly (~ 13 wt.%) within a wide range 
of current densities (0 to 50 mA/cm2) and slightly increased to ~ 17 wt.% when current 
density was further increased to 90 mA/cm2 [72]. However, other researchers 
proposed different results that, for their acid Zn-Ni electrodeposits, higher percentages 
of Ni content were obtained at lower current densities [90]. They rationalised the 
reduction in Ni content as increased current densities to the faster kinetics of Zn 
deposition at great electrode polarisations. When subjected to lower current densities, 
normal deposition occurs where the more noble metal deposits preferentially. As the 
current density was increased, there was a transition from normal to anomalous 
deposition that occurred along with the amount of the noble metal in the deposit falling 
below the concentration of the metal in the plating bath. This transition resulted from 
the formation of a critical concentration of zinc hydroxide at the cathode surface. Zinc 
hydroxide were formed as a result of alkalisation near the cathode surface, which 
could retard the discharge of Ni ions [91]. The authors also said that this appears not 
to be the case if bath compositions used were different, since the characteristics of 
electrolytes (e.g. pH and plating additives) could significantly affect the formation of 
zinc hydroxide, and thus Ni co-deposition [90]. This is probably the reason that their 
findings on the effect of current density on nickel content is different to that observed 
in the present work. 
Another possible reason could be attributed to the intrinsic property of the analysis 
technique, EDX, that it is restricted to characterise the top surface of the analysed 
samples. In the current study, the penetration depth (~ 1 µm) of EDX is so small that 
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the majority of the nickel atoms are essentially collected from the top surface of the 
deposit. In other words, nickel atoms that reside in depth in the coatings are difficult to 
be detected by EDX. Hence, the result obtained by EDX only shows the elemental 
composition that is close to the top deposit surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.3.1 shows the Ni content in the three different regions as a function of 
deposition current density. Similar to the change in the overall nickel content, the 
current density did not significantly influence the nickel content in the three different 
regions of the deposit. For all the investigated current densities, the highest amount of 
Ni was detected from the nodules, followed by the regular regions of the deposit and 
the coarse regions of the deposit. Based on the FEGSEM images shown in Figure 
4.3.4, the nodules and the normal regions of the deposit with a higher Ni content 
possessed a smoother and more compacted deposit surface than that of the coarse 
regions. The present work suggested that the overall Ni content in the coatings was 
proportional to deposition current density. In this case, the nodules and the normal 
regions of the deposit with higher Ni content were in essence the areas that were 
subjected to a higher current density during deposition. It is widely acknowledged that, 
as higher current densities are applied, more nuclei initiate on the cathode surface 
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Figure 4.3.5 Overall Ni content in the Zn-Ni coatings electrodeposited on mild steel 
substrates as a function of deposition current density 
12.6±0.4 
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during deposition and impinge upon each other as they grow. In other words, the 
growth of each nucleus is considerably restricted as the number of nuclei is increased. 
This could be the reason that the regular regions of the deposit and the nodules were 
comprised of a smooth and compacted surface with fine surface features. 
 
 
Current density 
(mA/cm2) 
Coarse region 
(wt.%) 
Normal region 
(wt.%) 
Nodules  
(wt.%) 
5 10.2 ± 0.7 12.3 ± 1.2 14.7 ± 0.8 
10 10.3 ± 1.3 11.5 ± 0.6 14.8 ± 0.7 
15 9.7 ± 1.4 11.5 ± 0.9 14.9 ± 0.2 
20 9.5 ± 0.1 11.0 ± 1.7 13.9 ± 1.7 
25 9.9 ± 1.1 11.8 ± 1.6 14.2 ± 0.5 
30 8.8 ± 1.3 12.0 ± 1.1 14.4 ± 0.6 
35 9.6 ± 1.0 11.4 ± 0.3  14.8 ± 1.2 
40 10.5 ± 0.9 11.5 ± 1.4 14.6 ± 1.3 
 
4.3.1.3 Characterisation of the grain size, the grain structure and the crystallographic 
orientation of Zn-Ni alloy electrodeposits 
A freeze fracture technique was introduced to evaluate the grain size and the grain 
structure of the Zn-Ni deposit. The freeze fracture results for samples electrodeposited 
at 5, 20, and 40 mA/cm2 are shown in Figure 4.3.6. Based on the results, it is difficult 
to determine the real grain size and structure of the Zn-Ni deposit. It appears that the 
deposit was composed of a hybrid of columnar and equi-axied grain structure. In the 
current study, when the alkaline and the acid zinc electrodeposits were subjected to 
freeze fracuture, both of the coatings experienced intergranular fracture. In other 
words, the cracks were travelling along with the grain boundaires, and not through the 
actual grains. Hence, the deposit was fractured along with its grain boundaires and 
the real grain structure can be obviously seen. For the Zn-Ni deposit, it is thought that 
Table 4.3.1 Average nickel content in the nodules, regular regions of the deposit 
and the coarse regions of the deposit as a function of deposition current density 
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the co-electrodeposition of Ni resulted in a harder and more brittle coating, compared 
with the pure electroplated zinc coatings. It is likely that a transition from intergranular 
to transgranular fracture occurs in the Zn-Ni deposit during freeze fracture, where the 
cracks were passing through the grains of the coatings rather than the grain 
boundaries. As a result, the real grains cannot be easily seen after fracture and thus 
it is difficult to determine the actual grain structure of the Zn-Ni deposit. The freeze 
fracture technique is not considered as a suitable method for the investigation of the 
grain structure and the grain size of the brittle Zn-Ni electrodeposit [92]. 
  
    1 µm 
    1 µm 
(a) 
(b) 
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Therefore, a FIB lift-out technique, combined with EBSD, was used to investigate the 
grain size and the grain structure of the Zn-Ni deposit. EBSD analysis showing the 
cross-sectional microstructure of a 6 µm Zn-Ni coating electrodeposited at 25 mA/cm2 
is shown in Figure 4.3.7. The EBSD results provided strong evidence that the Zn-Ni 
deposit was composed of thin columnar grains of approximately 200 nm in width with 
a vertical orientation to the substrate. The microstructure and the grain size observed 
were quite similar to that of the alkaline Zn deposit investigated in the current study. 
This observation agrees well with the previous research on the grain structure and the 
grain size of Zn-Ni electrodeposits that both alkaline and acid ammonium-free Zn-Ni 
electrodeposits were composed of nano-scale columnar grain structure [93] 
In this case, a FIB lift-out technique combined with EBSD is capable of providing 
satisfactory results with regard to the grain size and the grain structure of the Zn-Ni 
electropdeosit, but it is difficult to show results on the crystallographic orientation of 
the coatings, due to the low index rate (~ 62%). To overcome this difficulty, the 
preferred crystallographic orientation of the Zn-Ni electrodeposit was studied by 
means of XRD. 
 
    1 µm 
Figure 4.3.6 Freeze fracture images for 6 µm Zn-Ni coatings electrodeposited on 
mild steel substrates at a) 5 mA/cm2, b) 20 mA/cm2 and c) 40 mA/cm2 
(c) 
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XRD analysis of 6 µm Zn-Ni coatings electrodeposited at different current densities 
from 5 to 40 mA/cm2 are shown in Figure 4.3.8. It is clear that three peaks (330), (600) 
and (552) that correspond to a γ-phase (Zn-Ni alloys with a nickel content of 8 – 15 
wt.%) were present in the XRD patterns of the deposits and the coatings electroplated 
with different current densities were predominantly comprised of the γ-phase. In 
addition, it was found that deposition current density plays a key role in the 
crystallographic orientation of the Zn-Ni electrodeposit. The intensity of the (600) peak 
was significantly reduced as the current density was increased, in contrast that of the 
(330) peak was markedly increased. The intensity of the (552) peak was not 
susceptible to changes in the current density. The preferred orientation of the deposit 
was determined by the relative texture coefficient (TC). Table 4.3.2 shows the TC of 
the main crystallographic orientations of the deposit as a function of deposition current 
density. It is clear the preferred orientation of the Zn-Ni electrodeposit was [600] with 
low current densities (< 10 mA/cm2). As the current density was increased to 20 
mA/cm2, a secondary preferred orientation, [330], appeared, which resulted in a 
combined texture of [600] and [330]. A further increase in the current density led to a 
transition of primary preferred orientation from [600] to [330]. Hence, when the current 
density applied was above 25 mA/cm2, the (600) peak was suppressed and the 
preferred crystallographic orientation of the Zn-Ni electrodeposit became [330]. 
 1 
µm 
Figure 4.3.7 EBSD analysis of a FIB lift-out section showing the cross-sectional 
microstructure of a 6 µm Zn-Ni coating electrodeposited on mild steel substrates 
at 25 mA/cm2 
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 Figure 4.3.8 X-ray diffraction patterns for 6 µm Zn-Ni coatings 
electrodeposited on mild steel substrates at various current densities 
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A previous study reported that an increase in current density resulted in a change in 
the preferred orientation of the deposits from [100] to [101] for an acid Zn-Ni 
electroplating system when subjected to different current densities, due to different 
phases formed in the coatings [94]. Other research on a chloride-based solution 
suggested that even with the same phase, a difference in Ni content could also affect 
the preferred orientation of the electrodeposit [95]. Increasing the Ni content from 12 
wt% to 13 wt%, the preferred orientation of the γ-phase was changed from [300] to 
[600]. A further increase in the Ni content to 15 wt% led to a preferential orientation of 
[111].  
In the current study, in addition to the γ-phase, it is noteworthy that a peak of (112), 
which belongs to a η-phase (a solid solution of Ni in Zn with a Ni content of less than 
1%), was observed in the XRD patterns. The intensity of the η-phase peak was slightly 
increased with increasing current density. It is thought that the presence of the η-phase 
is probably associated with the coarse regions of the deposit with a lower nickel 
content (~ 9 wt.%). Other investigators also reported that the η-phase was present in 
Zn-Ni electrodeposits with an average nickel content less than 10 wt.% [69]–[71][96]. 
Table 4.3.2 Relative texture coefficient (TC) of the main crystallographic 
orientation of 6 µm Zn-Ni coatings electrodeposited on mild steel substrates at 
various current densities 
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As shown in Fig 4.3.5, the average nickel content in the Zn-Ni deposit was 
approximately 12 - 15 wt.% over a wide range of current density from 5 to 40 mA/cm2. 
Theoretically, in the range of this nickel content, a single γ-phase structure should be 
formed in the deposit according to the zinc-nickel phase diagram (shown in Figure 
2.26 [67]). However, this is not consistent with the results obtained in the present study 
that the Zn-Ni electrodeposit was not made up of a single intermetallic phase; instead 
it was comprised of the γ-phase and the η-phase. Previous research reported that, for 
the Zn-Ni electrodeposits produced from an alkaline solution, a single γ-phase was 
formed in the coatings and the deposit was fully intermetallic, regardless of the current 
density applied [96]. With regard to the Zn-Ni electrodeposits produced from an acid 
solution, the nickel content changes significantly as a function of current density, which 
results in the formation of various phases. A single γ-phase is formed at low current 
density while a mixture of the γ-phase and the η-phase is obtained at a high current 
density for an acid Zn-Ni electroplating system [96]. 
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4.3.2 Effect of selected parameters on subsequent zinc whisker growth 
4.3.2.1 Effect of deposition current density 
To understand the role of deposition current density on whisker growth, a set of 
samples with 6 µm Zn-Ni coatings electrodeposited on mild steel substrates at different 
current densities from 5 to 40 mA/cm2. They were subsequently stored at room 
temperature (20ºC) for further analysis. Three samples were assessed for each 
current density and whisker growth on them was monitored every month. FEGSEM 
analysis after 18 months storage suggested that there was no evidence of whisker 
growth on any of the samples. Similar to the acid zinc deposits, Zn-Ni alloy 
electrodeposits were not prone to develop whiskers. For the acid zinc deposits, 
whisker growth was thought to be prohibited in the test time period because of its high 
cathode current efficiency that weakened the influence of hydrogen evolution and thus 
reduced the residual stress in the coatings required for whisker growth. For the Zn-Ni 
deposits, its cathode current efficiency was comparatively low (~ 60%) when subjected 
to a current density of 40 mA/cm2. On the other hand, the nodules, a favourable site 
for whisker growth, were populated on the surface of the Zn-Ni coatings that were 
electrodeposited at high current densities. However, these two beneficial factors for 
whisker growth did not contribute to any whisker formation on the Zn-Ni deposit after 
18 months. It is speculated that the co-deposition of Ni in the deposit may change the 
properties of the zinc electrodeposits and result in some adverse effects on whisker 
growth, similar to the role of lead co-electrodeposited in pure tin coatings.  
4.3.2.2 Effect of deposit thickness 
To investigate the effect of deposit thickness on subsequent zinc whisker growth, Zn-
Ni alloy coatings were electrodeposited on the mild steel at 25 mA/cm2 with different 
thicknesses of 2, 6, 10 and 15 µm. Three identical samples were prepared for each 
set of deposit thickness. Whisker growth has been assessed in the FEGSEM every 
month after deposition. FEGSEM analysis 18 months after deposition showed that 
there was no evidence of whisker growth on any of the samples irrespective of deposit 
thickness. The change in deposit thickness was therefore shown to have no influence 
on whisker growth from the Zn-Ni electrodeposits in the test time period. It was found 
that, for the alkaline zinc deposits, the number of zinc whiskers were pronouncedly 
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increased as a result of a reduced deposit thickness. However, for the Zn-Ni samples, 
the deposit with a thickness of 2 µm was still not susceptible to whisker growth.  
4.3.2.3 Effect of substrate surface condition 
In the present study, for the alkaline non-cyanide zinc electroplating, the employment 
of the Hull Cell and the ground mild steel substrates with a better surface condition 
completely prevented nodule formation, but promoted whisker growth by significantly 
reducing the incubation time. Hence, it is assumed that modifying the substrate 
surface condition is also likely to accelerate whisker growth on the Zn-Ni 
electrodeposits. In this case, 6 µm Zn-Ni coatings electroplated at 25 mA/cm2 on the 
Hull Cell and the ground mild steel substrates were prepared and then stored at room 
temperature (20ºC) for further analysis. Three samples were assessed for each 
substrate material. Whisker growth on this group of samples was initially analysed 1 
week after deposition and then every month. FEGSEM analysis 12 months after 
deposition suggested that nodule formation was completely prevented on the surface 
of the Hull Cell and the ground mild steel samples, whilst whiskers were not present 
on either of the two samples. This result was very similar to that observed for the acid 
chloride zinc electroplating system which showed that modifying the substrate surface 
condition did not promote whisker growth. However, the difference is that the acid zinc 
electroplating with significantly high cathode current efficiency was probably subjected 
to a small residual stress, as a result the influence of nodule elimination can be 
neglected. In terms of the Zn-Ni electroplating system, it is of relatively low cathode 
current efficiency and subjected to a larger residual stress in the coatings, similar to 
that for the alkaline Zn system. The previous study reported that the residual stress in 
their alkaline Zn-Ni electrodeposits was -39 MPa (compressive) immediately after 
deposition and gradually dropped to -31 MPa (compressive) 100 hours after deposition 
[92]. Hence, nodule elimination by modifying the surface condition on the Zn-Ni 
samples resulted in a large residual stress remained in the coatings, which was 
favourable for whisker growth. However, the result was different to this assumption. 
As discussed in the Section 4.2.3.1, it is conjectured that the co-electrodeposition of 
Ni may bring about some effects, which could suppress the effect of large residual 
stress and thus subsequent whisker growth. It is worthy to further study the inhibition 
effectiveness of co-electrodeposited nickel on zinc whisker growth. 
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4.4 Mitigation methods for Zn whisker growth 
Tin whisker mitigation has been widely investigated and a number of strategies have 
been proposed that could effectively retard tin whisker growth for many years. 
However, very little research effort has been paid to zinc whisker mitigation. In the 
present study, the application of a chromium-based passive coating and a post-
electroplating thermal treatment on zinc whisker mitigation has been investigated. Of 
the three zinc electrodeposits investigated in the current work, only the alkaline zinc 
electrodeposits are prone to develop whiskers rapidly. Hence, all the mitigation trials 
were carried out on the alkaline zinc samples. 
4.4.1 Post-electroplating thermal treatment 
For tin electrodeposits on copper, it is widely acknowledged that a post-electroplating 
thermal treatment is a mitigation strategy that could effectively inhibit tin whisker 
growth [45][46]. However, previous studies with regard to the role of thermal treatment 
on zinc whisker growth suggested that a post-electroplating thermal treatment 
accelerated rather than mitigated whisker growth [20][43][44]. Sugiarto et al. [20] 
reported that a thermal treatment at 175ºC for 24 hours immediately after deposition 
significantly promoted whisker growth from bright acid zinc electrodeposits. Another 
paper published by Chapaneri et al. [44] suggested that a high density of whiskers 
were present on the surface of a bright acid chloride-based zinc electrodeposit that 
was exposed to 150ºC for 1 hour after deposition, whilst no whiskers were present on 
the similar samples stored at room temperature.  
In the current study, 6 µm alkaline cyanide-free zinc coatings electrodeposited on the 
mild steel at 25 mA/cm2 were immediately exposed to elevated temperatures (50, 80, 
100, 120 and 150ºC) for two different periods of time (0.5 and 24 hours) after 
deposition. These samples were subsequently stored at room temperature (20ºC) for 
further analysis. Three samples were assessed for each thermal treatment condition. 
FEGSEM analysis of whisker growth on the thermally treated samples suggested that 
exposure to a post-electroplating thermal treatment for 24 hours significantly promoted 
whisker growth (shown in Figure 4.4.1). Whiskers were present within 10 days of 
deposition on all the samples that were thermal treated for 24 hours, irrespective of 
the exposure temperature (shown in Figure 4.4.2). It is noteworthy that the majority of 
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the whiskers were developing from the planar regions of the deposit rather than the 
nodules, which is different to that observed for whisker growth on the as-deposited 
samples. Hence, a post-electroplating thermal treatment not only significantly reduced 
the incubation time for whisker growth, but also resulted in a transition for the sources 
of whisker growth from the nodules to the planar regions of the deposit.  
Theoretically, thermal treatment could provide energy for the refinement of 
microstructure and the removal of absorbed hydrogen from the steel, and thus reduce 
localised stressed regions of the deposit, which is favourable for whisker mitigation. 
However, it is thought that a long period of thermal treatment is likely to provide excess 
energy for stress relaxation and thus may generate additional thermal stresses within 
the deposit, due to the large difference in the coefficient of thermal expansion (CTE) 
between the ‘a’ and the ‘c’ axis of zinc [20]. Since thermal expansion along the c-axis 
is approximately four times that of the a-axis, the anisotropic CTE of the zinc grains 
has the possibility to produce a large thermal stress within the deposit, when exposed 
to elevated temperatures for a long period of time. 
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Figure 4.4.1 The difference in whisker growth between a 6 µm alkaline zinc 
coating electrodeposited on mild steel at 25 mA/cm2 and then thermally treated at 
100ºC for 24 hours and a similar sample with no thermal treatment after different 
storage time 
None 
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Figure 4.4.2 FEGSEM images showing, 10 days after deposition, whisker growth 
from the surface of a 6 µm alkaline zinc coating electrodeposited on mild steel at 
25 mA/cm2 and then thermally treated at 100ºC for 24 hours: a) a high density of 
whiskers and b) a short whisker filament growing from the planar regions of the 
deposit  
a) 
 100 µm 
b) 
 1 µm 
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Exposure to a shorter period of a post-electroplating thermal treatment had significant 
mitigation effects on zinc whisker growth. Samples that were exposed for 0.5 hour 
were less susceptible to whisker growth, as evidenced by the fact that the incubation 
time for whisker growth on these samples was markedly increased to approximately 2 
months and the number of whiskers was markedly reduced compared with that on the 
as-deposited samples and those thermal treated for 24 hours. In addition, FEGSEM 
analysis 20 months after thermal treatment suggested that an increase in the exposure 
temperature significantly reduced whisker growth (shown in Figure 4.4.3). There were 
a number of large whiskers present on the samples exposed to 50ºC for 0.5 hour 
(shown in Figure 4.4.4a and b), whilst fewer and much smaller whiskers were formed 
on the samples thermal treated at 120 ºC (shown in Figure 4.4.4c and d). More 
importantly, it was observed that exposure to 150ºC for 0.5 hour did not develop any 
whiskers. Thereby, a post-electroplating thermal treatment at 150 ºC for 0.5 hour 
completely prevented whisker formation and growth from the alkaline cyanide-free zinc 
electrodeposits on mild steel for 20 months of storage at room temperature.  
This observation is contradictory to some previous studies with regard to the role of 
thermal treatment on zinc whisker growth [20][43][44]. One of the hypotheses could 
be that the difference in the characteristics of zinc electrodeposits (e.g. plating 
additives in electrolytes, the pH of electrolytes, deposition current densities and 
deposit thickness) may alter the growth mechanism of subsequent whisker growth 
from them, and thus the inhibition effectiveness of a post-electroplating thermal 
treatment. Another possible explanation is that a short period of thermal treatment just 
met the required level of energy for stress relaxation. In other words, the thermal 
treatment only performs to relieve localised stresses rather than generate excessive 
energy and additional thermal stresses within the deposit. In this case, a short period 
of post-electroplating thermal treatment reduces the residual stress within the zinc 
electrodeposit and thus subsequent whisker growth from them. 
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Figure 4.4.4 FEGSEM images showing, 20 months after deposition, whisker 
growth from the surface of 6 µm alkaline zinc coatings electrodeposited on mild 
steel at 25 mA/cm2 and then thermal treated at different temperatures for 0.5 
hours: a) and b) 50ºC and c) and d)120ºC 
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Figure 4.4.3 FEGSEM images showing, 20 months after deposition, whisker 
growth from 6 µm alkaline zinc coatings electrodeposited on mild steel at 25 
mA/cm2 and then thermally treated at various temperatures for 0.5 hour 
Exposure temperatures 
None 
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The current work suggested that a post-electroplating thermal treatment plays a key 
role in whisker growth from the alkaline non-cyanide zinc electrodeposit. The exposure 
time is an essential parameter that could significantly influence zinc whisker growth. 
Exposure to elevated temperatures for 24 hours promoted whisker growth by reducing 
the incubation time from less than 4 weeks to less than 10 days, whilst whisker growth 
was significantly retarded when samples were subjected to a short period of thermal 
treatment for 0.5 hour. More importantly, for a short period of thermal treatment, an 
increase in the exposure temperature contributed to a further reduction in whisker 
growth. Samples that were exposed at 150ºC for 0.5 hour were immune to whisker 
growth for 20 months of storage at room temperature. The inhibition effectiveness of 
a post-electroplating thermal treatment on zinc whisker growth is determined by a 
number of parameters; for instance the characteristics of the deposit (e.g. grain size, 
grain structure and crystallographic orientation), the exposure time and the 
temperature.  
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4.4.2 Chromium-based passive coatings 
Passivation conversion coatings, acting as a physical barrier, are considered as a 
potential method for whisker mitigation. Sugiarto [20] reported that the employment of 
a chromium-based passive coating could temporarily retard zinc whisker growth, but 
did not completely stop it. In the present work, a trivalent chromium-based passive 
coating was applied to the alkaline zinc electrodeposits that were prone to develop 
whiskers rapidly, in order to evaluate its mitigation effectiveness on whisker formation 
and growth. 6 µm alkaline cyanide-free zinc coatings electrodeposited at 25 mA/cm2 
on mild steel were passivated with a 50nm thick layer (a standard thickness 
commercially used in industry) of a trivalent chromium coating immediately after 
deposition, and then stored at room temperature (20ºC) for further analysis. FEGSEM 
analysis of the surface morphology of the passivated samples 2 weeks after deposition 
is shown in Figure 4.4.5. It was observed that the density of nodules on the passivated 
samples was considerably higher than that on the as-deposited samples. Another 
difference was that the passivated samples were predominantly populated with larger 
irregularly shaped nodules, different to those hemi-spherical nodules observed on the 
as-deposited samples. In addition, it is noteworthy that the pronounced cracking of the 
coatings was present not only on the planar regions of the deposit, but also on the 
surface of the nodules (Figure 4.4.6). Many cracks were in the form of circular shapes, 
however others were straight. FEGSEM analysis straight after deposition did not show 
any cracking of the coatings on the as-electrodeposited samples. In other words, these 
cracks developed during storage time. 
  
  
Figure 4.4.5 FEGSEM images showing, 2 weeks after deposition, the surface 
morphology of a 6 µm alkaline zinc coating electrodeposited on mild steel at 25 
mA/cm2 covered with a layer of chromium-based passive coating 
 100 µm 
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 2 𝛍𝐦 
 2 𝛍𝐦 
a) 
b) 
Figure 4.4.6 FEGSEM images showing the surface of a 6 µm alkaline zinc coating 
electrodeposited on mild steel at 25 mA/cm2 covered with a layer of chromium-
based passive coating 2 weeks after deposition: a) cracks present on the planar 
regions of the deposit and b) cracks present on the surface of a nodule 
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To rationalise the markedly increased amount and dimension of the nodules and the 
presence of surface cracking on the passivated samples, it is thought that the 
introduction of a chromium-based passive coating after deposition may lead to the 
occurrence of hydrogen embrittlement and stress corrosion cracking. It is evident that 
hydrogen is very likely to be absorbed in the steel during electroplating and the 
hydrogen could be significantly removed by a post-electroplating baking from the steel 
[97][98]. However, when a passive coating is applied immediately after deposition, a 
complete coverage is created on the top surface of the deposit, which may prevent the 
hydrogen being relieved from the steel. In other words, the vast majority of the 
hydrogen diffused into the steel during electroplating was trapped in the steel, which 
could gradually recombine to form hydrogen bubbles and generate pressure and 
stress within the steel. This phenomenon is known as hydrogen embrittlement (HE), 
which is able to result in reduced ductility, toughness and tensile strength of the metal 
and further the development of stress corrosion cracking [99]. When the metal is 
coated with a thin film, cracking always initiates on the surface of that film and 
sometimes can propagate into the metal for a small distance. The cleavage process 
in the film may be either inter- or transgranular fracture [97]. This could explain that, in 
the current observation, cracking was first present on the surface of the deposit and 
some cracks were circular (intergranular fracture along with the columnar grain 
boundaries of the alkaline electrodeposit) and others were straight (transgranular 
fracture passing through the grain boundaries). 
On the other hand, a larger stress was produced in the deposit for the passivated 
samples than that for the as-deposited samples, thanks to the occurrence of hydrogen 
embrittlement [97]. As discussed in Section 4.1.3.7, the nodules were essentially up-
lifted regions of the deposit, induced by a residual stress in the coatings. Hence, a 
larger residual stress within the deposit was favourable for nodule formation and this 
is probably the reason that the amount and the dimension of the nodules were 
dramatically increased on the samples that were covered with the passive coating. 
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In terms of whisker growth, FEGSEM analysis 2 weeks after deposition suggested that 
a number of small whiskers were already present on the surface of the passivated 
samples and many large whiskers were formed after a further 6 weeks (shown in 
Figure 4.4.7). It was observed that whisker growth from the passivated samples was 
closely associated with the development of cracking on the deposit surface. In other 
words, whisker growth occurred in the regions where the cracks were present. The 
incubation time for whisker growth on the passivated samples (less than 2 weeks) was 
shorter than that (~ 4 weeks) for the as-deposited samples. These results suggested 
that the employment of a chromium-based passive coating promoted rather than 
retard whisker growth from the alkaline cyanide-free zinc electrodeposit. Similar to the 
increased amount of nodule formation, one of the hypothesis for the acceleration in 
whisker growth on the passivated samples is probably due to the occurrence of 
hydrogen embrittlement that produced a larger stress within the deposit, and thus 
facilitated whisker growth. 
In the current study, the introduction of a passive coating onto the alkaline cyanide-
free zinc electrodeposit immediately after deposition was not an effective mitigation 
method to retard whisker growth. This is mainly because the employment of a passive 
coating promotes the occurrence of hydrogen embrittlement and produces a larger 
residual stress within the deposit, which is favourable for whisker growth. However, 
this method may be suitable for whisker mitigation on other electrodeposits that are 
not susceptible to hydrogen embrittlement. For example, in the present study, the acid 
chloride zinc electroplating on mild steel is subjected to a significantly high cathode 
current efficiency and the occurrence of hydrogen evolution reaction is much weaker 
than that occurred on the alkaline cyanide-free deposits. In this case, a passive coating 
may only perform as a physical barrier rather than resulting in an adverse effect on 
whisker mitigation. 
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Figure 4.4.7 FEGSEM images showing, 8 weeks after deposition, whisker growth 
on the surface of a 6 µm alkaline zinc coating electrodeposited on mild steel at 25 
mA/cm2 covered with a layer of chromium-based passive coating 
 1 𝛍𝐦 
 50 𝛍𝐦 
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5. CONCLUSIONS 
5.1 Whisker growth from alkaline cyanide-free zinc electrodeposits 
The cathode current efficiency of the alkaline cyanide-free zinc electroplating is very 
low (36.3%) for a high current density (50 mA/cm2) and increased markedly to 88.9% 
when current density is reduced to 5 mA/cm2. Deposition current density has a strong 
influence on the grain size and the grain structure of alkaline non-cyanide zinc 
electrodeposits. EBSD and freeze fracture analysis showed that the deposit was 
composed of a fine columnar structure (approximately 2 µm in length and 200 nm in 
width). High current densities (> 30 mA/cm2) gave rise to a thinner and more uniform 
columnar structure. Both XRD and EBSD results suggested that the preferred 
orientation of the alkaline zinc deposits was [110] and did not change as current 
density was increased from 15 to 40 mA/cm2. More importantly, deposition current 
density plays an important role in whisker growth from the alkaline cyanide-free zinc 
electrodeposits. It was found that a reduction in current density contributed to a 
reduced whisker growth. There was no evidence of zinc whiskers on the samples 
electroplated at 5 mA/cm2 after 27 months of storage at room temperature. An 
increase in deposit thickness is favourable for whisker mitigation. The number of zinc 
whiskers was dramatically reduced when deposit thickness was increased to 15 µm. 
In terms of the mechanisms of whisker growth from the alkaline cyanide-free zinc 
electrodeposits, it was observed that the presence of spherical raised surface features 
(nodules) with cavities beneath, promoted whisker growth by markedly shortening the 
incubation time from ~ 5 months to ~ 4 weeks. More importantly, FIB combined with 
EBSD analysis strongly suggested that the development of staircase structures is 
essentially the occurrence of the recrystallisation of the as-deposited columnar grains 
in the nodules. There are three stages for the evolution of zinc whisker growth from 
the nodules.  
1) The growth of as-electroplated columnar grains, with neither staircase 
structures nor recrystallised grains.  
2) The recrystallisation of the columnar grains occurs in the nodules, along with 
the development of the staircase structures on the top surface of the nodules. 
It is thought that the second stage is a precursor to subsequent whisker growth. 
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3) The development of Zn whiskers from the regions where the staircase 
structures and the recrystallised grains were present. The recrystallisation of 
the grains was also observed for those whiskers growing directly from the 
planar regions of the deposit with an absence of nodules.  
The present work suggested that the time dependent recrystallisation of the as-
deposited columnar structure is closely associated with the difference in the incubation 
time between whisker growth from nodules and that from a planar region of the deposit. 
There was no evidence of the formation of Fe-Zn intermetallic compounds (IMCs) 
either at the Fe/Zn interface or within the electroplated coatings, even though larger 
whiskers were present on the electroplated surface. Whisker growth from the alkaline 
non-cyanide zinc electrodeposits on mild steel substrates does not appear to be 
associated with the formation of Fe-Zn intermetallic compounds (IMCs), which is 
contrary to evidence presented by some researchers [Fortier]. 
The nature and the evolution of the nodules and associated cavities were investigated. 
The nodules were essentially up-lifted regions of the deposit. The mechanism of 
nodule formation was associated with the occurrence of a strong hydrogen evolution 
reaction on the cathode surface, which produced a high residual stress within the 
electrodeposit and lifted some areas of the deposit. It was found that nodule formation 
can be completely prevented by mechanically grinding the surface of the as-received 
mild steel substrate, which, however, significantly promoted the growth of whiskers 
from the planar regions of the deposit by dramatically reducing the incubation time 
from ~ 5 months to less than 18 days. 
 5.2 Whisker growth from acid chloride zinc electrodeposits 
Acid chloride zinc electrodeposits had a smooth and compacted surface with the 
presence of fine equi-axed surface features. Because of the high cathode current 
efficiency (> 88%) over a wide range of current density, hydrogen evolution reaction 
was much less on the cathode and thus probably reduced nodule formation on the 
deposit surface. EBSD and freeze fracture analysis showed that the acid chloride zinc 
electrodeposits were equi-axed in structure with a small grain size of < 100 nm in 
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diameter. The preferred orientation of the acid chloride zinc electrodeposits was [101] 
for a wide range of current densities. 
The acid chloride zinc electrodeposits were immune to whisker growth after 25 months 
of storage at room temperature, regardless of deposition current density and deposit 
thickness. Also, modification to the surface condition of substrates by mechanically 
grinding did not affect whisker growth from the acid zinc samples. 
5.3 Whisker growth from Zn-Ni alloy electrodeposits 
Similar to the alkaline cyanide-free zinc samples, a high density of nodules was 
present on the surface of Zn-Ni alloy electrodeposits. An increased number of nodules 
were observed for samples electroplated at high current densities. Apart from nodules, 
a large number of coarser features were also present on the deposit surface. EDX 
analysis showed that high current densities gave rise to higher overall nickel content 
in the alloy coatings. The highest amount of nickel was detected in the nodules (~ 14.5 
wt.%), followed by the regular regions of the deposit (~ 12 wt.%) and then the coarser 
regions of the deposit (~ 10 wt.%). 
EBSD analysis showed that the Zn-Ni alloy electrodeposits were composed of thin 
columnar grains of approximately 200 nm in width with a vertical orientation to the 
substrate. XRD analysis indicated that the Zn-Ni alloy electrodeposits were 
predominantly composed of γ-phase for a wide range of current densities. The 
preferred orientation of the deposits was [600] for samples electroplated at low current 
densities (5 to 20 mA/cm2), while it became [330] when the current density was above 
25 mA/cm2.  
Similar to the acid chloride zinc electrodeposits, there was no evidence of whisker 
growth on the Zn-Ni alloy electrodeposits after 18 months of storage at room 
temperature, regardless of deposition current density and deposit thickness. Also, 
modifiying the surface condition of substrates did not influence whisker growth from 
the Zn-Ni deposits. 
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5.4 Mitigation methods 
The current work suggests that a post-electroplating thermal treatment plays a key 
role in whisker growth from the alkaline non-cyanide zinc electrodeposit. The exposure 
time is an essential parameter that could influence zinc whisker growth. Exposure to 
elevated temperatures (50 to 150°C) for 24 hours promoted whisker growth by 
reducing the incubation time from less than 4 weeks to less than 10 days, whilst 
whisker growth was significantly retarded when samples were subjected to a short 
period of thermal treatment (50 to 150°C) for 0.5 hour. More importantly, for a short 
period of thermal treatment, a further increase in the exposure temperature contributed 
to a further reduction in whisker growth. Samples that were exposed at 150ºC for 0.5 
hour showed no whisker growth for 20 months storage at room temperature.  
The formation of a trivalent chromium passive coating on the alkaline cyanide-free zinc 
electrodeposits immediately after deposition was not an effective mitigation method to 
retard whisker growth. Many whiskers were present on the passivated samples only 2 
weeks after deposition and a considerable number of large whiskers were formed after 
a further 6 weeks. The surface of the passivated samples were populated with 
irregularly shaped nodules. In addition, cracking was observed on the surface of the 
nodules as well as the planar regions of the deposit. 
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6. Further Work 
The following work is suggested in future: 
1. For alkaline cyanide-free zinc samples, using x-ray diffraction (XRD) techniques, 
the change in the residual stress within the electroplated coatings associated 
with the evolution of zinc whisker growth (e.g. nodule formation, development 
of staircase structures and formation and growth of whiskers) is worth 
examining, to find out whether the growth of zinc whiskers would relieve 
residual stresses within electroplated coatings. This is important for 
understanding the mechanism of zinc whisker growth.  
2. In addition, stress measurement results can also be used to investigate 
hydrogen embrittlement. This is important for understanding the mechanisms 
of nodule and cavity formation and subsequent whisker growth, which are 
thought to be associated with hydrogen evolution and hydrogen embrittlement 
in the current work. 
3. For acid chloride zinc samples, continue to monitor whisker growth for a longer 
period of time. There was no evidence of whisker growth on these samples after 
25 months of storage. However, it is interesting to know how long they can be 
completely immune to whiskers. 
4. For Zn-Ni alloy samples, carry on monitoring whisker growth on them for a 
longer period of time and see how long they can be completely immune to 
whiskers. In addition, since it is well known that the addition of Pb to Sn 
electroplated coatings significantly prohibits whisker growth, it is worthy to 
investigate a wider range of nickel content in the Zn-Ni alloy coatings (e.g. from 
5 to 20 wt.%) and study the effect of nickel content on zinc whisker growth.  
5. All the samples investigated in this project were stored at room temperature. 
The effect of different storage conditions (e.g. storage temperature and humidity) 
on zinc whisker growth is worth examining. For example, storage conditions of 
50ºC + 85% humidity or lower temperatures (e.g. -10ºC) are suggested. It is 
important to understand how zinc whisker growth is affected by storage 
conditions. 
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6. It is worthy to investigate the microstructure of the mild steel substrates by 
immersing in a 2% Nital Etch solution. It is important to understand the effect of 
substrate microstructure (e.g. ferrite and/or pearlite) on the microstructure of 
the three zinc electrodeposits and subsequent nodule formation from them. 
7. In terms of mitigation methods, the effects of post-electroplating thermal 
treatment and the application of a trivalent chromium passive coating were 
studied in the present work. However, the results in terms of whisker mitigation 
were not satisfactory. It is worthy to broaden the range of thermal treatment 
parameters (e.g. exposure temperatures from 20 to 200ºC and exposure time 
from 10 to 1 week) and compare the results in terms of whisker mitigation with 
that obtained from the current study. Also, additional mitigation methods, such 
as polymeric conformal coatings, are suggested to apply to alkaline cyanide-
free zinc electrodeposits. Since polymeric conformal coatings are considered 
as a potential mitigation method for tin whiskers, it is interesting to investigate 
their inhibition effectiveness on zinc whisker growth. 
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Abstract 
Electroplated zinc finishes have been associated with the electronics industry for many years 
as a result of their excellent corrosion resistance and relatively low cost. They are normally 
applied onto ferrous products to provide corrosion protection in a range of different 
environments. However, the formation of spontaneously grown whiskers on zinc electroplated 
components, which are capable of resulting in electrical shorting or other damaging effects, 
can be highly problematic for the reliability of long life electrical and electronic equipment. 
The growth of zinc whiskers has been identified as the cause of some electrical and electronic 
failures in telecommunications and aerospace based applications, with consequences ranging 
from mild inconvenience to complete system failures. Investigators have been striving to 
address the problems induced by whisker growth since the 1940s. However, most research 
effort has been focused on tin whiskers; especially following European Union environmental 
legislation that restricted the use of lead (Pb), which when alloyed with tin (3 – 10% by weight) 
provided effective tin whisker mitigation. Compared with tin whisker research, much less 
attention has been paid to zinc whiskers. A number of mechanisms to explain zinc whisker 
growth have been proposed, but none of them are widely accepted and some are in conflict 
with each other. The aim of this paper is to review the available literature in regard to zinc 
whiskers; to discuss the reported growth mechanisms, to evaluate the effect of deposition 
parameters and to explore potential mitigation methods. This paper presents a chronologically 
ordered review of zinc whisker related studies from 1946 to 2013. Some important early 
research, which investigated whisker growth in tin and cadmium, as well as zinc, has also been 
included. 
Keywords: whisker growth, zinc, review, electrodeposition  
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1. Introduction 
Metal whiskers are spontaneous growths that can develop from metal surfaces. Whisker growth 
after deposition should not be confused with the dendritic growths that can sometimes occur 
during the process of electrodeposition or as a result of electrochemical migration in electronic 
devices. It has been observed that tin, zinc and cadmium surfaces, in particular in the form of 
electroplated coatings, are prone to develop whiskers. Whiskers have also been found growing 
from other metal surfaces including indium and gold [1]. Normally, metal whiskers undergo 
an unpredictable incubation period ranging from hours to years, followed by an approximately 
constant growth rate [1]. The growth morphologies of whiskers are unpredictable; whiskers 
can grow straight or form kinked or curved eruptions (Figure 1). They may also form hillocks 
or eruptions with particularly complex shapes such as pyramids and spiral filaments. In this 
review, the term “eruptions” is used to refer to whiskers that form in the shape of curved 
growths after electrodeposition, which are different from the nodule-like growths that are 
formed during electrodeposition of zinc. With respect to whisker dimensions, they are thinner 
than a human hair and virtually invisible to the naked eye. The typical dimension of a whisker 
is 1 to 5 µm in diameter and 1 to 500 µm in length. In rare cases, whiskers have grown longer 
than 10 mm [2].  
Whisker growth is not a new phenomenon; it can be traced back to the 1940s when the presence 
of cadmium whiskers resulted in the breakdown of radio systems used in aircraft during WWП 
[3]. Since then, the study of metallic whiskers has become of great interest to investigators. 
Many electrical and electronic failures have been attributed to the presence of these small 
metallic growths, with consequences ranging from mild inconvenience to complete system 
failures. During the past 70 years, researchers have been striving to address the problems 
induced by metal whisker growth and a considerable number of whisker-related papers have 
been published. However, most research has, until recently, focused on tin whiskers and today 
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whisker growth on tin is a well-documented but not totally understood phenomenon. This is 
because tin has long been used as a surface finish on electrical and electronic components, 
where whisker growth is particularly problematic. Very little attention has been paid to zinc 
whiskers, due to zinc finishes being applied to applications that were considered less sensitive. 
During the last two decades, many electronic failures (Table 1 [4]), especially computer 
equipment failures in Canada in 2003 [5] and the Colorado Secretary of State’s office in 2004 
[6], were attributed to problems induced by zinc whiskers from the bottom surface of zinc-
electroplated steel floor tiles. It is now recognised that zinc whiskers are a potential threat to 
the reliability of long life electrical and electronic equipment, particularly for aerospace, power 
plant and telecommunications applications. Consequently, the number of published studies 
with respect to zinc whiskers has increased significantly. A summarised history of key zinc 
whisker publications is shown in Table 2. 
2. Early whisker research 
Electrical failures caused by metal whisker growth were first discovered during WWП due to 
the choice of cadmium (Cd) as an electroplated coating on electronic components inside aircraft 
radios. These failures were published in a 1946 paper by Cobb [3], who reported that the leaves 
in capacitors used in the radios were electroplated with cadmium, and over time long whiskers 
had formed on the surface of these components. These long filament-type whiskers, which are 
highly electrically conductive, resulted in an electrical short between adjacent capacitor plates 
and hence caused the radio system to fail. 
In 1948, similar failures were found by the Bell Telephone Corporation on some of their 
channel filters used in carrier telephone systems [7]. These electronic failures resulted in 
considerable difficulties in the operation of a transmission channel. The only solution was to 
replace the filters with a new unit. The failed filters were sent for examination at Bell 
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Laboratories. The failure analysis was published in a 1951 paper by Compton, Mendizza and 
Arnold [7]. This paper was a landmark since it made a number of important summary 
statements, which were to guide future investigations into metal whiskers. The paper 
established that whisker formation was not limited to cadmium electroplated components, but 
had also been found on zinc and tin electrodeposits, and also on an aluminium casting alloy. 
Compton, Mendizza and Arnold also suggested that metal coatings applied by other methods, 
e.g. sprayed, evaporated and hot dipped coatings had similar propensities for whisker formation. 
They also proposed that whiskers were not compounds, but spontaneous growths of single 
crystals of the same metal as that from which they were formed. For example, they found that 
whiskers growing from zinc metal surfaces were single zinc crystals with a close packed 
hexagonal structure. It is also worth noting that, in this 1951 paper, Compton, Mendizza and 
Arnold stated that tin whiskers developed more quickly than zinc and cadmium whiskers. This 
might be one of the reasons that the vast majority of subsequent research focussed on tin 
whiskers, while very little attention was paid to other metal whiskers in the following years.  
In 1953, the first mechanism for whisker growth was proposed by Peach [8], who stated that 
each whisker contained a screw dislocation and metal atoms migrated and deposited 
themselves at the whisker tip, in the form of spiral growth. However, this hypothesis was 
disproved by Koonce and Arnold [9] when they published the first electron microscope 
micrographs of whiskers growing over several weeks, which suggested that whiskers grew 
from the base. Since then, it is widely accepted that whisker growth occurs due to the continual 
migration of metal atoms to the base of the whisker.  
An important contribution to developing a mechanism for whisker growth was outlined in a 
1954 paper by Fisher, Darken and Carroll [10]. This was a breakthrough since, for the first 
time, it was reported that whisker growth was a form of mass transport, driven by compressive 
stress gradients that were developed by externally applied pressures. Metal atoms were prone 
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to migrate from a region with a high compressive stress to a low compressive stress region, 
where atoms piled up and formed the whisker base. Based on the compressive stress 
mechanism, Fisher, Darken and Carroll concluded that whiskers were single crystals 
spontaneously growing at a linear rate that was determined by the magnitude of an externally 
applied pressure. 
In 1956, Arnold [11] published a review paper that summarised all the whisker-related 
observations made at Bell Laboratories up to that date. He studied the effect of several 
experimental parameters on whisker growth (e.g. exposure to elevated temperature, relative 
humidity, coating deposition methods, coating thickness and substrate material characteristics) 
and stated that each of the factors had only a slight influence on whisker growth. It is also 
worthy of note that the author proposed several whisker mitigation strategies for the first time 
in the published literature. Arnold aimed to reduce whisker growth by the application of a 
variety of thin coatings onto the metal surface (e.g. oil, greases, silicones, waxes, lacquers, and 
chromate conversion coatings on zinc and cadmium). However, he reported that whiskers 
penetrated through all the coatings, especially at the edge or where cracks developed. Even 
though his mitigation strategies failed to effectively inhibit whisker growth, this was the onset 
of whisker mitigation research and paved the way for later investigations.  
In 1957, Baker [12] reported his studies on the distribution of angular bends on whiskers 
formed on the surface of zinc, tin and cadmium electroplated components. Prior to this study, 
the growth directions of whiskers had rarely been published.  Baker found that the bend angle 
distribution had peaks equal to the angles between low-indices directions in the crystal lattice. 
He concluded that the crystal structures of zinc, tin and cadmium whiskers were not coherent 
with that of the base material and that the angular bends formed in whiskers were due to a 
change in the growth direction at the base of a whisker. 
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In 1966, Ellis [13] published a paper regarding the morphologies and growth directions of tin, 
zinc and cadmium whiskers. A number of common growth directions for tin, zinc and cadmium 
whiskers were reported in this paper. Further, by comparing spontaneously grown whiskers 
and vapour-grown filamentary crystals, Ellis concluded that the growth directions for whiskers 
were low index crystallographic directions, the majority of which were consistent with those 
for vapour-deposited crystals and also corresponded to the glide plane indices in plastic flow. 
These results were used to support the whisker growth mechanisms that were based on 
dislocation models. 
3. Zinc whisker research 
The first theories to explain zinc whisker growth were proposed by Lindborg in the 1970s, who 
published a set of monographs solely on zinc whisker topics [14–16]. Lindborg is one of the 
very few researchers to have paid considerable attention to zinc whiskers. In 1975, Lindborg 
[15] produced a paper that studied the driving force for whisker growth from zinc coatings 
electrodeposited on carbon steel substrates. He proposed that whisker formation was driven by 
the internal macrostress of the deposit, which was built into the zinc film during electroplating. 
He further suggested that whisker growth was indeed a form of mass transport to relieve built-
in internal compressive macrostress and the growth rate was associated with the magnitude of 
the macrostress. Experimental data showed that for a macrostress less than 45 N/mm2 the 
growth rate was relatively low, whilst above 55 N/mm2 the growth rate became notably higher. 
Another key finding was the role of microstructural variables on zinc whisker growth (e.g. 
grain size, microhardness and microstrain). He proposed that zinc whisker growth was only 
associated with the built-in macrostresses and that microstructural variables had very little 
influence. However, these results were obtained from a limited number of specimens and the 
reproducibility was comparatively low. Therefore, such findings could not be considered 
conclusive. In this paper, Lindborg [15] also investigated the effect of the crystallographic 
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orientation of zinc electrodeposits on whisker growth.  X-ray diffraction (XRD) analysis 
suggested that zinc grains tended to be orientated with a plane {112̅0} parallel to the plane of 
the surface and the crystallographic texture {112̅0} appeared to be favourable for zinc whisker 
formation and growth.  
In 1976, Lindborg [16] published another paper that put forward a model for zinc, cadmium 
and tin whisker growth. The author reiterated that the predominant driving force for whisker 
growth was the compressive macrostress produced during electroplating and a two-stage model, 
consisting of a diffusion stage and a glide stage, was necessary for all metal whisker growth. 
In the diffusion stage, a dislocation loop will expand laterally by climb as vacancies are emitted 
away from the loop. When the expanding loop reaches a size corresponding to the whisker 
cross-section, it starts to glide towards the surface. Based on the model, Lindborg suggested 
that a whisker was pushed up one atomic step as each dislocation loop reached the surface of 
the growing whisker. 
Following Lindborg’s observation that zinc whisker formation and growth was driven by 
internal compressive macrostress, several related studies were published in the following years. 
In 1984, an important publication by Sugiarto, Christie and Richards [17] reported on zinc 
whisker formation and growth from bright cyanide zinc electrodeposits, and for the first time 
showed a series of scanning electron microscope (SEM) micrographs of zinc whiskers. 
Sugiarto et al. stated that bright zinc electrodeposits stored at room temperature were highly 
susceptible to whisker growth. They further suggested that organic materials derived from the 
brightener system were capable of producing compressive microstress in the deposit, which 
was responsible for whisker formation and growth, whilst dull zinc electrodeposits without 
organic materials present did not develop whiskers. Based on these observations, they 
concluded that the predominant driving force for zinc whisker formation and growth was the 
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microstress derived from organic materials present in the zinc electrodeposits, and that the 
macrostress of the deposit was not associated with whisker formation and growth.  
Another important aspect of the Sugiarto et al. paper was that it reported the first investigations 
into the role of thermal treatment on zinc whisker growth [17]. A recognised problem with 
whisker research is considered to be the delay before whisker growth can be detected. Sugiarto 
et al. found that a thermal treatment of 175℃ for 24 hours immediately after electroplating was 
an effective method to accelerate whisker growth from zinc electrodeposits in the short term. 
Samples were divided into two groups. Some were stored at room temperature (Group І 
samples) and others were subjected to a post-electroplating thermal acceleration treatment prior 
to being stored at room temperature (Group П samples). In the initial examination (24 hours 
after electroplating), they found that whiskers on Group П samples had grown more rapidly 
than those on Group І samples. However, after 240 days storage, the average growth rate of 
whiskers on the Group П samples had become lower than that on the Group І samples and 
some whiskers on the Group П samples had not grown since the initial examination. Although 
Sugiarto et al. attempted to accelerate zinc whisker growth via a post-electroplating thermal 
treatment, their observations showed that a thermal treatment of 175ºC for 24 hours straight 
after electroplating only accelerated whisker growth initially. In the long term, however, there 
was no difference in whisker growth between the two groups of samples. 
Another key observation by Sugiarto et al. was that zinc whisker growth could be temporarily 
retarded by either the application of passivation coatings (i.e. chromate conversion coatings) 
or pre-electroplating processes (e.g. heat treatment of steel substrates prior to zinc 
electroplating to relieve the stress in the substrate). However, these two methods could not 
completely inhibit long term zinc whisker growth. After 90 days storage, whisker growth was 
detected on both the passivated and the pre-treated samples. Hence, Sugiarto et al. issued a 
warning that zinc whiskers were problematic for the long term reliability of electrical and 
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electronic components that were electroplated with bright zinc coatings. The Sugiarto et al. 
paper is important because it is the first paper to discuss zinc whisker mitigation. With regard 
to tin whisker mitigation, a number of mitigation strategies have been developed over the years 
that include the co-deposition of lead (Pb) in tin (Sn) coatings, metal underlays and conformal 
polymeric coatings. However, very little information can be found in the literature in relation 
to zinc whisker mitigation.  
Two papers were published at the end of 1980s regarding the relationship between the 
crystallographic orientation of zinc electrodeposits and subsequent whisker growth from them. 
In 1986, Takemura et al. [18] published a study that highlighted the relationship between the 
crystallographic orientation of zinc coatings electrodeposited on steel substrates and the growth 
directions of the resultant whiskers. They showed data which indicated that zinc whiskers on 
their samples exhibited a <1000> growth direction and concluded that deposits with 
crystallographic textures of {101̅0} and {112̅0} were favourable for zinc whisker growth. 
Takemura et al. stated that their results were consistent with observations that whiskers not 
only grow perpendicular to the surface, but also were found growing inclined to the normal of 
the surface with an angle of approximately 60º. This paper, for the first time, correlated the 
crystallographic orientation of zinc electrodeposits with the growth directions of zinc whiskers. 
In the same year, Takemura et al. [19] published another paper, which reported that the nature 
of the substrate materials (low-carbon steel, silicon steel, amorphous ferrous material and cast 
zinc bars) and the thickness of electroplated zinc coatings had a strong influence on both the 
crystallographic characteristics of the deposit and subsequent whisker growth. Experimental 
results suggested that, when the deposit thickness was less than 10 µm, the choice of substrate 
material had a strong effect on the crystallographic orientation of the deposit. When the deposit 
thickness was greater than 10 µm, the influence of the substrate materials was significantly 
decreased and deposits on different substrates were found to possess the same preferred 
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crystallographic texture {112̅0}. With respect to the effect of deposit thickness on whisker 
growth, they reported that the number of whiskers increased dramatically as the deposit 
thickness was increased from 3 µm to 10 µm, while when the deposit thicknesses was greater 
than 10 µm, the number of whiskers was gradually reduced. 
A paper published in 1990 by Nagai et al. [20] provided measurements of microstrain and 
macrostress in zinc electrodeposits and discussed the influence of these two parameters on zinc 
whisker growth. The microstrain was measured using the Hall plot method [21] and their 
experimental data inferred that microstrain did not have an influence on zinc whisker growth. 
Macrostress in the deposit was measured by means of X-ray macrostress measurements and 
bending strain methods. Nagai et al. found that the X-ray macrostress measurements obtained 
by measuring lattice compression were not reliable and suggested that the bending strain 
method was simpler and more reliable. Their bending strain data indicated that a larger 
macrostress contributed to a higher zinc whisker growth rate. A considerable number of zinc 
whiskers were found on samples having a macrostress of more than 60 MPa. These 
observations with respect to the influence of microstrain and macrostress on whisker growth 
rate were in agreement with the earlier Lindborg study [15]. 
In 1991, Garner et al. [22] of the Harshaw Chemical Company reported their studies of zinc 
whisker growth on both alkaline cyanide and acid chloride zinc electrodeposits. Their company 
was part of a programme to solve the problem of why decorative zinc electrodeposits, applied 
onto refrigerator shelf hardware, unexpectedly became “hazy” in appearance. Low cyanide zinc 
electrodeposits were coated with lacquer and thermally treated at 175°C for 15 minutes to cure 
the lacquer. It was observed that originally bright as-electroplated deposits became 
“significantly hazy” in appearance during heat treatment and continued to become more “hazy” 
for several hours. Further, they found that a higher current density and a greater deposit 
thickness could result in more “hazy” appearance. Garner et al. speculated that the change in 
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appearance was induced by the formation and growth of zinc whisker eruptions and filaments. 
They established a series of experiments to investigate whisker growth from both alkaline 
cyanide and acid chloride zinc electrodeposits and presented some results regarding the 
influence of deposit thickness, deposition current density, solution temperature and macrostress 
on zinc whisker growth. These observations were consistent with the earlier Sugiarto et al. 
study [17] and the importance of this paper is that it gave a warning that zinc electroplated 
components were susceptible to whisker growth when subjected to a thermal treatment straight 
after deposition. 
In 1994, an important paper was published by Downs and Francis [23] that outlined a zinc 
whisker related lawsuit between a medical-device maker and a rotary switch manufacturer. 
They reported on the failure of rotary switches used in medical components, which was traced 
to the growth of zinc whiskers on the surface of the switch that had induced short circuiting. 
The rotary switch manufacturer had been aware that tin and cadmium electroplated components 
had propensities for whisker growth, but had no idea about the phenomenon of zinc whisker 
growth. Hence, initially, they could not explain the cause of the failure and spent hundreds of 
hours examining this unexpected failure. They stated that problems caused by zinc whisker 
growths had not appeared previously because the rotary switches had been widely applied in 
high-voltage applications, under which zinc whiskers were electrically burnt-out and 
eliminated. However, in more recent years, the majority of rotary switches had been used in 
low-voltage applications, and as a result zinc whiskers had survived and given rise to electronic 
failures. This paper was not academically significant, but did strongly underline the potential 
failures that could be induced by zinc whiskers. 
Since the turn of the century, zinc whisker research has been more widely studied due to an 
increasing number of electronic equipment failures that have been attributed to zinc whisker 
growth. 
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Reynolds and Hilty [24] published a paper in 2004 that for the first time investigated zinc 
whiskers by means of a focused ion beam (FIB) technique. They presented a series of FIB 
images showing cross-sectioned zinc electrodeposits on carbon steel substrates, which 
appeared to suggest that both the zinc electrodeposits and the whiskers growing from them 
were polycrystalline and fine grained (sub-micron). This observation is significant because it 
showed for the first time that metal whiskers were not always single crystals but could also be 
polycrystalline, which conflicted with the widely accepted belief that had been held for many 
years [7]. However, based on their FIB results, it is not clear whether the whiskers were single 
crystals or not, since their cross-sectional images showing metal whiskers were not of 
sufficiently high quality. The paper also discussed the influence of intermetallic compounds on 
zinc whisker growth. It is widely acknowledged that the formation and continual growth of 
intermetallic compounds at the interface between tin electrodeposits and copper substrates is 
one of the major driving forces for tin whisker growth [25–27]. However, the effect of 
intermetallic formation has not been widely reported with respect to the growth of zinc 
whiskers. Based on their FIB images, Reynolds and Hilty reported that iron-zinc intermetallic 
compounds were not present at the Fe/Zn interface, and further concluded that intermetallic 
compounds did not appear to be associated with whisker growth from zinc electrodeposits on 
carbon steel substrates.  
Between 2005 and 2007, a series of papers regarding the driving force for zinc whisker growth 
from hot-dip galvanised (HDG) zinc coatings and bright zinc electrodeposits were published 
by Lahtinen and Gustafsson [28–30], who for the first time, presented experimental evidence 
for whisker growth from HDG coatings, as shown in Figure 2. It was observed that the inner 
surfaces of HDG steel pipes were populated with long filament type whiskers (up to 10 mm in 
length), after being stored in a warehouse for more than 15 years.  
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Lahtinen and Gustafsson [28–30] suggested that compressive stress, derived from a thermal 
expansion mismatch, could be an important factor in whisker growth on both zinc 
electrodeposits and HDG coatings. Two factors were considered noteworthy, a) the large 
difference in the coefficients of thermal expansion (CTE) of zinc crystals between the a-axis 
and the c-axis and b) the difference in CTEs between the substrate material (iron) and the zinc 
coating. These two factors were thought to be responsible for the generation of thermal stresses 
when subjected to temperature fluctuations. Lahtinen and Gustafsson further proposed that 
both dull HDG coatings and electroplated coatings with brighteners were more prone to 
develop whiskers, since larger thermal stresses were detected in their coating layers.  
The effect of surface contaminants on zinc whisker growth was also studied by Lahtinen and 
Gustafsson [28–30], who reported that chlorine and sulphur were detected in the areas of 
whisker growth on both HDG coatings and zinc electrodeposits. Their energy dispersive X-ray 
(EDS) analysis data showed that the chlorine levels were greater than sulphur levels near the 
whisker root and in regions where numerous zinc whiskers were observed, whilst in regions 
with little or no whisker growth, chlorine levels were lower. They suggested that chlorides 
derived from contaminants on the surface were associated with whisker growth, since a 
chloride pit was found to form near the root of each long filament whisker. Lahtinen and 
Gustafsson stated that chlorides were able to disrupt the passive layer exposing the zinc deposit 
and thereby resulted in the corrosion of zinc coatings, which might facilitate whisker growth.  
In 2009, a paper regarding the influence of thermal treatment on zinc whisker growth was 
published by Chapaneri et al. [31], which studied the growth of whiskers from bright acid 
chloride-based zinc electrodeposits when subjected to elevated temperatures. They observed 
that a large number of zinc whiskers were present on samples that were exposed to 150ºC for 
1 hour after deposition, whilst no whisker growth was detected on similar samples stored at 
room temperature. They suggested that thermal treatment at 150ºC for 1 hour could 
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significantly facilitate, rather than mitigate, whisker growth from bright acid zinc 
electrodeposits.  
The published research with regard to the role of thermal treatment on zinc whisker growth 
suggests that a post-electroplating thermal treatment would accelerate rather than mitigate 
whisker growth from zinc electrodeposits [17][22][31]. However, for tin whiskers, it is 
generally accepted that a post-electroplating thermal treatment is able to reduce tin whisker 
growth. The first evidence that thermal treatment could be used as a tin whisker mitigation 
method was reported by Glazunova in 1962 [32], who suggested that samples treated at 100℃ 
for more than 6 hours or at 150℃ for more than 2 hours were much less prone to develop 
whiskers. Britton [33] in his 1974 paper proposed that thermal treatment at 200℃ for 1 hour 
completely prevented whisker growth on tin-electroplated copper for a period of 5 years. In 
1975, Sabbagh and McQueen [34] reported a negative influence of thermal treatment on tin 
whisker mitigation. They observed that, after 6 years, whisker growth was observed on both 
tin-electroplated steel exposed at 165℃ for 3 hours and tin-electroplated copper exposed at 
194℃ for 4 hours. Hence, they concluded that a post-electroplating thermal treatment was 
capable of slowing down tin whisker growth, but could not completely prevent whiskering.  
Since it is known that whisker growth is a function of a complex relationship of various key 
parameters (e.g. electrodeposit chemistry, storage conditions and post-electroplating treatment), 
it is difficult to ensure the reproducibility of whisker growth testing between different studies 
and this is a major problem for whisker related research.  
In 2009, a paper regarding the role of intermetallic compounds on zinc whisker growth was 
published by Baated, Kim and Suganuma [35], who studied zinc-electroplated steel raised floor 
tiles that had been used in a computer data centre for over 10 years.  By means of electron 
probe micro analysis (EPMA) and X-ray diffraction analysis (XRD), they observed that both 
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iron-zinc (Fe-Zn) intermetallic compounds and zinc oxides were present. They reported that 
Fe-Zn intermetallic compounds were not only formed at the interface between the zinc film 
and the substrate, but also within the electroplated zinc coatings themselves. This observation 
was not consistent with the widely accepted premise that intermetallic compounds were only 
formed at the coating/substrate interface. They accounted for this anomaly by suggesting that 
Fe atoms must migrate from the substrate and diffuse into the deposit, and subsequently react 
with zinc to form the intermetallic compounds. With respect to the distribution of zinc oxides, 
the majority of them were observed on the deposit surface. Based on their observations, Baated, 
Kim and Suganuma proposed a growth mechanism that highlighted the influence of Fe-Zn 
intermetallic compounds and zinc oxides, which could result in the development of 
compressive stresses within the deposit and the diffusion of zinc atoms towards the surface. 
Subsequent whisker growth occurred from the surface to relieve the stress. This proposition 
was in conflict with Reynolds and Hilty’s study in which no Fe-Zn intermetallic compound 
formation had been observed [24].  
In 2010, Baated, Kim and Suganuma [36] published another paper that presented further 
experimental evidence to support their mechanism for zinc whisker growth. Elemental analysis 
of the same samples by FIB and TEM-EDX techniques confirmed that Fe-Zn intermetallic 
compounds had formed throughout the entire electroplated zinc coatings, which could result in 
a compressive stress in the zinc film and promote whisker growth from the surface. In this 
paper, Baated, Kim and Suganuma [36] also suggested some potential mitigation methods, 
based on their assumption that Fe-Zn intermetallic compounds formed in the electroplated zinc 
layer and the Fe/Zn interface were responsible for whisker growth. Their proposals included a) 
the application of a diffusion boundary layer (e.g. a nickel layer) between the zinc deposit and 
the steel substrate that could prevent the formation of Fe-Zn intermetallic compounds, b) the 
introduction of a high-temperature heat treatment after deposition that could result in a uniform 
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intermetallic compound layer and stress relief and c) the application of a physical barrier (e.g. 
metal nanofilm or conformal coating) on the surface to inhibit whisker growth.   
In 2012, another important paper regarding the role of intermetallic compounds on zinc whisker 
growth was published by Fortier and Pecht [37], who reported on a comparative study of 
different metal films (tin, zinc and cadmium) and their propensities for subsequent whisker 
growth. By investigating zinc-electroplated samples that were thought to be 15 – 20 years old, 
they found that a considerable number of large whiskers were present on the surface of zinc-
electroplated steel components. Analysis of the cross-sectional microstructure using FIB 
showed that a layer of Fe-Zn intermetallic compound was present at the interface between the 
zinc film and the steel substrate, but it was very thin (<< 1 µm) and did not continue to increase 
in size over time. Fortier and Pecht concluded that Fe-Zn IMCs were present at the 
coating/substrate interface, but they were not associated with whisker growth; unlike the case 
of Sn-Cu IMCs in Sn films. This proposition was clearly not consistent with the earlier study 
by Baated et al. [35]. Fortier and Pecht stated that whisker growth was associated with the 
oxidation that occurred on the deposit surface [37]. They rationalised that the oxidation process 
produced voids near the surface, which then diffused downwards into the zinc film. The inward 
diffusion of the voids caused zinc atoms to migrate upwards to the surface and form whiskers. 
This assumption was supported by their FIB and TEM analysis, which showed a number of 
voids present in the microstructure of the zinc film beneath a whisker. 
Etienne et al. [38] in 2012 proposed a whisker growth model based on recrystallisation. Their 
samples, fabricated in 1982, were low alloy carbon steel substrates electroplated with 10 µm 
zinc coatings, which were subsequently treated with a 200 nm chromate conversion coating. It 
was observed that a number of filament type whiskers had formed from eruptions and grown 
up to 8 mm in length after approximately 30 years in service. By measuring residual stresses 
in the sample using XRD, Etienne et al. reported that a compressive stress of 30 ± 9 MPa was 
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measured in the zinc film, which was lower than that in a freshly deposited zinc film (51 to 71 
MPa [39]). They suggested that stress relaxation occurred in the deposit as whiskers were 
growing from the surface and whisker growth was essentially to relieve the compressive stress 
within the zinc film. To understand the mechanism for zinc whisker growth, Etienne et al. used 
focused ion beam (FIB) and electron backscatter diffraction (EBSD) techniques to characterise 
the cross-sectional microstructure both far from a whisker and at the root of a whisker. It was 
observed that the zinc deposit far from a whisker was comprised of columnar grains, whilst in 
the vicinity of the whisker root the grain size was generally increased and oblique grain 
boundaries were present. In addition, grains near the whisker root did not exhibit the same 
crystallographic orientation as those away from whiskers. Based on these observations, they 
stated that the grains near the whisker root were recrystallised and they further proposed that 
recrystallisation was closely associated with zinc whisker formation and growth. This 
statement is consistent with several tin whisker growth mechanisms based on recrystallisation 
[13, 40, 41].  
In 2013, Etienne et al. [42] presented additional experimental results to support their proposed 
growth mechanism based on recrystallisation. They first investigated a sample that was 
extracted at the root of a filament type whisker growing directly from the deposit surface. They 
found that zinc grains near the whisker root were recrystallised. More surprisingly, cavities 
were observed within the zinc coating (up to ~ 9 µm under the surface).  The volume of the 
cavities was much smaller than that of the filament whisker; i.e. atoms coming from the cavities 
were not sufficient to produce the whisker. Based on this result, Etienne et al. confirmed that a 
long-range diffusion mechanism was associated with zinc whisker growth. A further sample 
was investigated, which contained a filament type whisker growing from a eruption. They 
reported that grains at the whisker root and in the whisker eruption were both recrystallised and 
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exhibited the same characteristics, which further strengthened their proposed whisker growth 
mechanism based on recrystallisation. 
4. Conclusions 
Compared with tin whisker investigations, much less research effort has been focused on zinc 
whiskers. Some zinc whisker growth mechanisms have been proposed, but the results of such 
studies are often conflicting and there is, at present, no widely accepted growth mechanism in 
place. Also, there are very few investigations into the role of parameters (e.g. substrate 
materials, electrodeposit characteristics and storage conditions) that may be associated with 
zinc whisker growth and it is still not clear how these parameters affect the propensity of a 
deposit to grow whiskers. The development of whisker mitigation strategies is limited due to 
the incomplete understanding of zinc whisker formation and growth mechanisms. Post-
electroplating thermal treatment, which has been identified as an effective mitigation method 
for tin whiskers, was, however, found to promote zinc whisker growth. Other potential 
mitigation methods such as conformal polymeric coatings and metal underlays have been 
proposed to address zinc whisker growth. However, it is not known how effective such 
mitigation strategies would be, since there is no related research in the literature.  
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Figure 1 SEM images showing examples of different zinc whisker morphologies: a) a 
straight filament whisker; b) a curved filament whisker and c) two odd-shaped whisker 
eruptions 
2 µm 
5 µm 
2 µm 
(a) 
(c) 
(b) 
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Figure 2 Images showing inner surfaces of hot-dip galvanised steel pipes densely populated 
with filament-type zinc whiskers (some longer than 10 mm in length) after being stored in a 
warehouse for more than 15 years, images courtesy of the NASA Electronic Parts and 
Packaging (NEPP) Program http://nepp.nasa.gov/whisker 
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Table 1   Reported electronic failures caused by zinc whiskers, based on the information from 
Reference [4] 
Year  Whiskers on Applications 
1987  Local Power Range Monitoring 
(LPRM) Detectors 
Dresden nuclear Power Station 
1990 Rotary Switch Apnea Monitors 
1990 Local Power Range Monitoring 
(LPRM) Detectors  
Duane Arnold Nuclear Power Station 
1995 Framework Telecom Equipment 
1996 Chassis Computer Routers 
1998 Chassis Computer Hardware 
1999 Xsistor Package +Standoff Missiles  
1999 Chassis Computer Routers 
2001 Bus Rail  Space Ground Test Equipment 
2003 Floor Tiles Computer Data Centre in Canada [5] 
2004 Floor Tiles Computer Data Centre in USA [6] 
2004  Floor Tiles Computer Data Centre in Australia [43] 
2012  Floor Tiles Computer Data Centre in North East 
England [44] 
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Table 2   Abbreviated history of published work in regard to zinc whiskers 
Year Summary of the findings 
1975 The first report on the growth mechanisms of zinc whiskers was published 
by Lindborg, who proposed that whisker formation and growth from zinc 
electrodeposits was driven by the built-in internal macrostress [15]. 
1984 Sugiarto et al. suggested that the predominant driving force for zinc 
whisker formation and growth was the microstress derived from organic 
materials present in the zinc electrodeposits [17]. 
1986 Takemura et al. published two papers studying, firstly, the effect of zinc 
electrodeposit crystallographic orientation on whisker growth and 
secondly, the influence of different substrate materials on whisker 
growth[18][19]. 
1990 Nagai et al. published work detailing the measurement of microstress and 
macrostress in zinc electrodeposits and the influence of these two 
parameters on whisker growth [20]. 
1994 An important paper was published by Downs and Francis that outlined a 
zinc whisker related lawsuit between a medical-device maker and a rotary 
switch manufacturer. This paper highlighted the potential failures that 
could be induced by zinc whiskers [23]. 
2004 Reynolds and Hilty published a paper that, for the first time, investigated 
zinc whiskers using a focused ion beam (FIB) technique. Their results 
suggested that iron-zinc intermetallic compounds were not associated with 
whisker growth from zinc electrodeposits on carbon steel substrates [24]. 
2005 – 2007 Lahtinen and Gustafsson for the first time presented experimental 
evidence for whisker growth from hot-dip galvanised coatings. They 
proposed that compressive stress, derived from a thermal expansion 
coefficient mismatch, is an important factor in whisker growth on both 
zinc electrodeposits and HDG coatings [28][29][30]. 
2009 Chapaneri et al. reported that a post-electroplating thermal treatment at 
150°C for 1 hour could significantly promote whisker growth from bright 
acid zinc electrodeposits [31]. 
2009 - 2010 Baated et al. published a paper highlighting the role of intermetallic 
compounds and surface oxides on zinc whisker growth and proposed 
potential mitigation methods [35][36]. 
2012 – 2013 A whisker growth model based on recrystallisation was proposed by 
Etienne et al., who found that zinc grains near the whisker root were 
recrystallised [38][42]. 
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ABSTRACT 
Electroplated zinc finishes have been widely used in the packaging of electronic products for 
many years as a result of their excellent corrosion resistance and relatively low cost. However, 
the spontaneous formation of whiskers on zinc electroplated components, which are capable of 
resulting in electrical shorting or other damaging effects, can be highly problematic for the 
reliability of long life electrical and electronic equipment. The current work investigated 
whisker growth from commercial alkaline cyanide-free zinc electrodeposits on mild steel 
substrates. The presence of nodules on the deposit surface significantly reduced the incubation 
time for whisker growth in comparison with that from planar regions of the deposit. The 
nodules were probably formed due to the built-in residual stress within the electrodeposit 
during deposition. The nodules were eliminated by grinding the surface of the steel prior to Zn 
deposition. However, in the absence of the nodules the incubation time for whisker growth was 
reduced compared with that from the as-received surface.  
 
Introduction  
Metallic whiskers are spontaneous growths that most often develop from metal surfaces such 
as tin, zinc and cadmium, particularly when they are used in the form of electroplated coatings 
[1]. The growth of metallic whiskers is capable of inducing localised short circuiting and is 
problematic for the reliability of long life electrical and electronic components. The most 
widely reported problem related to zinc whisker growth is their formation on the bottom surface 
of zinc-electroplated raised floor tiles used in computer rooms or data centres. Filament 
whiskers are prone to break off and be drawn into computer equipment by cooling fans, 
resulting in equipment failure [2]. During the last two decades, a number of computer 
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equipment failures have been attributed to problems induced by zinc whisker growth [3,4]. 
However, the majority of research effort has been focused on tin whiskers and today whisker 
growth on tin is a well-documented phenomenon; in comparison much less attention has been 
paid to the investigation of zinc whiskers.  
 
A few mechanisms to explain zinc whisker growth have been proposed. However, none of 
them are widely accepted and some are in conflict with each other; for example, Baated et al. 
proposed that Fe-Zn intermetallic compounds (IMCs) were present at the Fe/Zn interface and 
responsible for zinc whisker growth [5,6]; whilst other investigators have reported that no 
intermetallics, or only a very thin layer of Fe-Zn IMCs, were present at the interface [7,8]. The 
current work was carried out to observe whisker growth from zinc electrodeposits and to 
understand the growth mechanism. Techniques that include scanning electron microscopy 
(SEM), dual beam focused ion beam scanning electron microscopy (FIBSEM) and electron 
backscatter diffraction (EBSD), have been used to support the investigation. 
 
Experimental  
As-received mild steel substrates, with dimensions 2cm × 4cm × 1mm, were used, as the 
cathode with an electroplated area of 2 × 2 cm. Pure zinc was electrodeposited onto the steel 
substrate from a proprietary bright alkaline cyanide-free zinc bath provide by MacDermid Ltd. 
The anode material was a ≥ 99.9% zinc metal foil (0.3 mm thickness). Prior to deposition, the 
substrates were first washed using detergent, degreased using acetone, pickled in a 32 wt. % 
solution of (SG 1.16) hydrochloric acid for 1 minute to remove surface oxides, rinsed with 
deionised water and finally dried using hot air. The anode material underwent a similar pre-
treatment, except that in the pickling stage it was immersed in a 20 vol. % solution of (SG 1.83) 
sulphuric acid for 30 seconds. All the electrodeposition was carried out at a cathode current 
density of 25 mA/cm2 for 10 minutes and the resultant deposits exhibited an average thickness 
of approximately 6 μm. No agitation was applied during electrodeposition. After deposition, 
all the samples were stored at room temperature (20 ºC). To evaluate the influence of surface 
finish on whisker growth, mild steel substrates were ground, using silicon carbide paper, prior 
to electrodeposition. Each sample was gradually ground from P240 to P400, P800 and finally 
P1200. After grinding, the samples were rinsed using deionised water and then dried using hot 
air.  
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Whisker growth from the zinc electrodeposits was investigated using a Carl Zeis (Leo) 1530VP 
field emission gun scanning electron microscope (FEMSEM). Initially, samples were 
monitored every week until the first whiskers were observed, after which they were observed 
at monthly intervals. The cross-sectional microstructure of the zinc electrodeposits and the 
whiskers growing from them were investigated using a FEI Nova 600 Nanolab dual beam 
focused ion beam (FIB). The ion beam energy used for both imaging and milling was 30 kV. 
Initially, a layer of platinum (~ 1 μm thick) was deposited on the area of interest for protection 
from ion milling. In order to observe the cross-section, a rectangular trench of approximately 
40 μm in length, 25 μm in width and 10 μm in depth was ion milled using a current of 20 nA. 
After this, the area of interest went through two cleaning cross-section processes in sequence 
using currents of 7 and 3 nA respectively, to improve cross-section surface finish. The current 
used for ion beam imaging of the resultant cross-section was 30 pA. 
 
Results and Discussion  
Observation of whisker growth  
SEM analysis showed that a few small (< 1 μm in length) whiskers (shown in Figure 1) had 
started to grow from the deposit surface 4 weeks after deposition. After 4 months storage, an 
increased number of whiskers, the majority of which were in the form of large irregular 
eruptions, were observed on the deposit surface (shown in Figure 2a). A few filament-type 
whiskers were also observed, some of which were greater than 100 μm in length (shown in 
Figure 2b). Importantly, it was found that, up to 4 months after deposition, all the whiskers 
were associated with raised hemispherical features. These features are henceforth referred to 
as “nodules”. The nodules should not be confused with the eruption-type whiskers, since they 
did not exhibit any typical whisker characteristics, such as striations, and were comprised of 
the same surface morphology as the remainder of the deposit. The nodules varied in size and 
some of the larger nodules were more than 20 μm in diameter. SEM analysis immediately after 
deposition showed that the nodules were already present on the deposit surface. Hence, it is 
clear that the nodules were formed during electroplating rather than developing afterwards. 
This assumption is further supported by SEM analysis of the nodules after 6 months storage, 
which showed that the size and the shape of the nodules remained unchanged.  
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5 months after deposition, a few small whiskers had started to grow from a planar region 
of the deposit (shown in Figure 3a), and 10 months after deposition, an increased number 
of longer whiskers growing from the planar regions of the deposit were observed (shown 
in Figure 3b). These results suggest that the formation of the nodules is not a prerequisite 
for zinc whisker growth, but significantly promotes whisker growth by shortening the 
incubation time. The incubation time for whisker growth associated with the nodules was 
approximately 4 weeks, whilst that for whisker growth from the planar deposit surface was 
markedly increased to 5 months. Thus, the nodules must have some unique 
characteristics that are favourable for whisker formation. It is not known, however, whether 
the presence of the nodules has an effect on whisker growth rate. 
 
 
 
Figure 1 (a) and (b) SEM images showing incipient whisker growth present on the 
deposit surface 4 weeks after deposition 
 
Figure 2 SEM images showing large whisker growth present on the deposit surface 4 
months after deposition: a) a large irregular eruption-type whisker and b) a long filament-
type whisker 
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The relationship between nodules and whisker growth  
Another important observation is that, for zinc whisker growth from the nodules, a series of 
parallel lines were always associated with whisker growth (shown in Figure 4). These lines 
have the appearance of a “staircase” and are henceforth termed “staircase structures”. It was 
found that numerous staircase structures were present on the surface of the nodules 
approximately 1 month after deposition. Staircase structures were not evident on the planar 
regions of the deposit. Once a staircase structure appeared, subsequent whisker growth would 
typically follow. It was noted that whiskers only grew from the staircase structures rather than 
other regions on the nodules, i.e. it appears that a whisker was “extruded” from one or more 
steps of the staircase structures. These results suggest that the staircase structures are pre-
cursors to the growth of zinc whiskers from nodules, and are probably responsible for the 
shortened incubation time for whisker growth. A more detailed discussion of the relationship 
between nodules, staircase structures and whisker growth will be published at a later date.  
 
The nature of the nodules is clearly very important for understanding zinc whisker growth. To 
more fully investigate the structure of the nodules, a focused ion beam (FIB) technique was 
utilised to characterise the cross-sectional microstructure of the nodules. Two nodules, one with 
a whisker growing from it and one without whisker growth were FIB cross-sectioned (shown 
in Figure 5). In both cases, a cavity was present beneath the nodule. To date, a cavity has been 
observed beneath every cross-sectioned nodule (more than 20 nodules have been cross-
Figure 3 SEM images showing whiskers growing from the planar regions of the deposit 
surface: a) a small whisker present 5 months after deposition and b) a longer filament 
whisker present 10 months after deposition 
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sectioned), irrespective of whether a whisker is growing from it or not. Also, FIB analysis, 
immediately after deposition, of nodules on freshly electroplated samples showed that the 
cavities were already present; i.e. both the nodules and the cavities were formed during 
deposition rather than developing afterwards. 
 
 
 
 
 
 
  
Figure 4 SEM images showing whisker growth associated with staircase structures on 
nodules: a) whisker growth associated with the staircase structures and b) a high 
magnification image showing a whisker “extrusion” from the staircase structures 
Figure 5 FIB images showing the cross-sectional microstructure of nodules: a) with 
whisker growth and b) without whisker growth 
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To understand the mechanism for the formation of the nodules and cavities, short time duration 
depositions were carried out to monitor their initial development using different deposition 
times of 30, 60, 90, 120, 150, 180, 210 and 240 seconds. Figure 6a shows the morphology of 
the deposit surface after only 30 seconds deposition. It was found that some regions of the 
deposit were fractured and had peeled away from the underlying substrate. As the deposition 
time was increased, the size of the fractured regions was reduced and the lifted regions of the 
deposit increased in thickness. When the deposition time was increased to 150 seconds, the 
lifted regions of the deposit typically merged together to form a complete layer (shown in 
Figure 5e). This is probably the preliminary stage in the development of the nodules. When the 
deposition time reached 180 seconds, some incomplete nodules were observed on the deposit 
surface (shown in Figure 5f). As the deposition time was increased to 240 seconds, no discrete 
lifted regions were present and the deposit surface was similar to that observed after 10 minutes. 
These observations suggest that the formation of the nodules and cavities is closely associated 
with the fractured and lifted regions of the deposit observed at short deposition times. The 
mechanism responsible for the formation of the nodules could be stresses developed within the 
coating. The electroplating bath used was an alkaline cyanide-free zinc solution, for which the 
cathode current efficiency is comparatively low (~40%). Strong hydrogen evolution occurs 
during deposition and a large amount of gas is generated on the cathode surface, which may be 
absorbed by the steel and result in a highly stressed electrodeposit [9]. Also, it was observed 
that only part of the coating was fractured and lifted. These particular regions are potentially 
related to the areas where the zinc coating is poorly adhered to the steel surface. In the early 
stages of deposition, when the deposit is very thin, these regions with poor adherence are likely 
to be more prone to delamination and susceptible to fracture due to the stresses developed in 
the electrodeposit. This contributes to the large number of fractured and lifted regions of the 
deposit observed at short deposition times. The poor adherence between the coating and the 
substrate may be attributed to the presence of oxides and/or contaminants on the steel surface. 
Therefore, the stresses developed in the electrodeposit and the poor adherence between the zinc 
and the steel may be responsible for the development of the fractured and lifted regions of the 
deposit in the early stages of deposition and the subsequent formation of the nodules. Since the 
nodules were actually up-lifted regions of the deposit, a cavity is always present beneath them. 
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Figure 6 SEM images showing the initial development of the nodules as a function of 
deposition time: a) 30 seconds, b) 60 seconds, c) 90 seconds, d) 120 seconds, e) 150 
seconds, f) 180 seconds, g) 210 seconds and h) 240 seconds 
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On the basis of the previous results, it was determined that the presence of the nodules on the 
deposit surface promoted whisker growth by significantly shortening the incubation time. 
Hence, stopping the development of the nodules was thought a potential way to hinder whisker 
growth. It was observed from other trials carried out as part of this study that nodules were not 
evident on the surface of electrodeposited Hull cell samples produced from the same alkaline 
cyanide-free zinc electroplating bath. The main difference between the as-received mild steel 
substrate and the Hull cell panels is that the latter has a much better surface cleanness, i.e. much 
fewer oxides and/or contaminants are present on the surface of the Hull cell panels. Hence, the 
surface cleanness of substrate material could play a role in the formation of the nodules. It is 
thought that, on the as-received mild steel, some surface oxides and/or organic contaminants 
may be embedded in the steel surface in depth during rolling process and were difficult to 
remove by chemical pickling. In this case, in order to achieve a clean surface, the as-received 
mild steel substrates were ground to a P1200 grit finish using silicon carbide paper prior to 
electrodeposition. Grinding was able to remove the oxides and contaminants by abrading away 
a thicker steel layer, and thus eliminating a favourable source for delamination of the coating 
and subsequent nodule formation. Figure 7 shows the surface morphology of the mild steel 
before and after grinding.  
  
Figure 7 (a) SEM image showing the surface morphology of the as-received mild steel 
and (b) SEM image showing the surface morphology of the same steel after grinding to 
1200 grit 
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In terms of nodules formation, it was found that no nodules were observed on the 
electrodeposits produced on the ground samples. In other words, the development of the 
nodules was completely prevented by grinding the surface of the as-received mild steel 
substrate. In terms of whisker growth, SEM analysis 18 days after deposition showed that 
a large number of whiskers were observed on each of the electrodeposits produced on 
the ground samples and all the whiskers were growing from planar regions of the deposit 
(shown in Figure 8). The majority of the whiskers were curved eruptions with a diameter 
of ~ 2 μm and a few filament-type whiskers, longer than 100 μm in length, were also 
present, which means that these whiskers had started to grow within 18 days of deposition. 
Thus, elimination of the nodules did not reduce whisker growth; instead it markedly 
shortened the incubation time for whisker growth from planar regions of the deposit from 
~5 months to less than 18 days. At present, it is not fully understood why whisker growth 
initiated much earlier on the electrodeposits on the ground samples than that on the as-
received samples, even though the nodules, a favourable site for whisker growth, were 
eliminated. It is thought that the development of the nodules may serve to relieve some 
stress within the deposit. In other words, the zinc electroplated ground samples, with no 
nodule formation, were potentially more highly stressed, which resulted in accelerated 
whisker growth. Further investigations are ongoing to fully determine the cause of the 
much shorter incubation time for whisker growth on the ground samples. 
  
Figure 8 SEM images showing a high density of whiskers growing from the planar 
regions of the deposit on the ground samples electrodeposited at 25 mA/cm2 18 days after 
deposition 
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Conclusions  
Zinc electrodeposits on mild steel substrates prepared from a commercial alkaline cyanide-free 
zinc electroplating bath were prone to develop whiskers at room temperature. Whiskers 
growing from nodules were observed 4 weeks after deposition and those from planar regions 
of the deposit were present 5 months after deposition. The presence of the nodules promoted 
zinc whisker growth by shortening the incubation time. A cavity was observed beneath every 
FIB cross-sectioned nodule. The mechanism of nodule formation was associated with the built-
in residual stress within the electrodeposit. The nodules were eliminated by mechanically 
grinding the surface of the mild steel substrates. However, this resulted in a significantly 
reduced incubation time for whisker growth compared with deposits electroplated onto the as-
received substrate.  
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ABSTRACT 
Electroplated zinc finishes have been widely used in the packaging of electronic products for many years as a 
result of their excellent corrosion resistance and relatively low cost. However, the spontaneous formation of 
whiskers on zinc electroplated components, which are capable of resulting in electrical shorting or other damaging 
effects, can be highly problematic for the reliability of long life electrical and electronic equipment. This work 
investigated the mechanism for whisker growth from zinc electrodeposited mild steel substrates. The incubation 
time for whisker growth from the surface of nodules on the surface of the electrodeposit was considerably reduced 
compared with that from the planar deposit surface. Recrystallisation of the as-deposited columnar structure was 
observed at the whisker root. This result is consistent with some recent whisker growth models based on 
recrystallization. There was no evidence of iron-zinc (Fe-Zn) intermetallic formation at the iron/zinc (Fe/Zn) 
interface or within the zinc coating beneath whiskers. 
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Whiskers, zinc, electrodeposition, mechanisms 
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INTRODUCTION 
Metallic whiskers are spontaneous growths that most often develop from metal surfaces such as tin, zinc and 
cadmium, in particular when they are used in the form of electroplated coatings. Normally, metallic whisker 
growth undergoes an uncertain incubation period ranging from hours to years, followed by a highly variable 
growth rate [1]. The growth of metallic whiskers is capable of inducing localised short circuiting and is 
problematic for the reliability of long life electrical and electronic components. Failures caused by whisker growth 
have been reported in telecommunications, military and aerospace based applications, with consequences ranging 
from mild inconvenience to complete system failures [1]. The study of metallic whiskers can be traced back to 
the 1940s, when the presence of cadmium whiskers resulted in the breakdown of radio systems used in aircraft 
during World War II [2]. Over the past 70 years, the majority of research effort has been focused on tin whiskers 
and today whisker growth on tin is a well-documented phenomenon; in comparison much less attention has been 
paid to the investigation of zinc whiskers. Zinc finishes have been widely used for many years and are normally 
electroplated on ferrous components as a corrosion-resistant coating. For example, the steel sheet metal on raised 
floor tiles used in computer data centres is sometimes protected with electroplated zinc coatings. However, 
filament type zinc whiskers have been found on the bottom surface of such floor tiles and are prone to break off 
and become airborne. These whiskers can be carried in the turbulent air flow and drawn into computer equipment 
by cooling fans and finally cause electrical failures. During the last two decades, a number of computer equipment 
failures [3,4] have been attributed to problems induced by zinc whisker growth.  
In the public literature, very little effort has been paid to investigate zinc whisker growth. A number of 
mechanisms to explain zinc whisker growth have been proposed, but none of them are widely accepted and some 
are in conflict with each other. Most early investigations with regard to zinc whiskers studied their growth 
mechanisms. The first investigation was undertaken by Lindborg, who suggested that zinc whisker growth was 
driven by the internal macrostress of the zinc electrodeposit, which was formed in the deposit during electroplating 
[5,6]. Sugiarto et al. later stated that whisker growth from bright zinc electrodeposits was induced by compressive 
stress that was derived from the brightener system, whilst dull zinc electrodeposits, without brighteners, did not 
develop whiskers [7]. Baated et al. reported that Fe-Zn intermetallic compound (IMC) and zinc oxides were 
present at the interface between the zinc film and the steel substrate as well as within the electroplated zinc 
coatings themselves, both of which were able to produce compressive stresses within the zinc film and promote 
whisker growth [8,9]. However, other investigators have reported that no intermetallic, or only a very thin layer 
of Fe-Zn IMC, was present at the interface, based on which they concluded that the development of Fe-Zn IMC 
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was not associated with zinc whisker growth [10,11]. Etienne et al. correlated the recrystallisation of zinc grains 
with whisker growth; they reported that grains near the root of whiskers were recrystallised [12,13], which is 
consistent with tin whisker growth mechanisms based on recrystallisation [14–16].  
A more thorough overview of zinc whisker related research can be found in a recent review paper [17]. In 
comparison with tin whisker research, comparatively few papers have been published in relation to zinc whisker 
growth, and some of the results are contradictory, such as those relating to the influence of thermal treatments on 
whisker growth [7][18,19]. The present work was undertaken to investigate the mechanism of whisker growth 
from zinc electrodeposits using scanning electron microscopy (SEM), dual beam focused ion beam scanning 
electron microscopy (FIBSEM), energy dispersive x-ray spectroscopy (EDS) and electron backscatter diffraction 
(EBSD). The presence of raised hemispherical features (nodules) on the deposit surface was found to be closely 
associated with Zn whisker growth, and the recrystallisation of Zn grains was responsible for whisker growth.  
 
EXPERIMENTAL PROCEDURES 
Mild steel substrates (1.0 mm thickness) were electroplated with zinc using a proprietary bright alkaline cyanide-
free zinc bath provided by MacDermid Ltd. The substrates, with dimensions 2 x 4 cm, were used, with no 
additional polishing or grinding operations, as cathodes, with an electroplated area of 2 x 2 cm. The anode material 
was a ≥ 99.9% zinc metal foil (0.3 mm thickness). Prior to deposition, the substrates were first washed using 
detergent, degreased using acetone, pickled in a 32 wt. % solution of (specific gravity (SG) 1.16) hydrochloric 
acid for 1 min to remove surface oxides, rinsed with deionised water and finally dried using hot air. The anode 
material underwent a similar pre-treatment, except that in the pickling stage it was immersed in a 20 vol. % 
solution of (SG 1.83) sulphuric acid for 30 s. All the electrodeposition was carried out at a cathode current density 
of 25 mA/cm2 for 10 min and the resultant deposits exhibited an average thickness of approximately 6 µm. No 
agitation was applied during electrodeposition. After deposition, all the samples were stored at room temperature 
(20 ºC). 
SEM analysis of the surface morphology of alkaline non-cyanide zinc electrodeposits, and subsequent whisker 
growth from them, was carried out using a Carl Zeis (Leo) 1530 VP field emission gun scanning electron 
microscope (FEGSEM), equipped with an Oxford Instruments X-Max 80 mm2 EDS detector. The accelerating 
voltage used for secondary electron imaging was 5 kV. The surface morphology was examined immediately after 
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deposition. Whisker growth, in terms of growth morphologies, dimensions and densities, was initially monitored 
every week until the first whiskers were observed and then at monthly intervals. 
The cross-sectional microstructure of the zinc electrodeposits and the whiskers growing from them were 
investigated using a FEI Nova 600 Nanolab dual beam focused ion beam (FIB). The ion beam energy used for 
both imaging and milling was 30 kV. Initially, a layer of platinum (~ 1 µm thick) was deposited on the area of 
interest for protection from ion milling. In order to observe the cross-section, a rectangular trench of approximately 
40 µm in length, 25 µm in width and 10 µm in depth was ion milled using a current of 20 nA. After this, the area 
of interest went through two cleaning cross-section processes in sequence using currents of 7 and 3 nA respectively, 
to improve cross-section surface finish. The current used for ion beam imaging of the resultant cross-section was 
30 pA.  
Samples for electron backscatter diffraction (EBSD) analysis were prepared using a lift-out technique with the 
FEI Nova 600 Nanolab dual beam FIB. The lift-out procedure was as follows: the section to be analysed was 
partially cut free from the sample, using a current of 20 nA. Only a bridge of 3 µm in width was left, by which 
one side of the lift-out section remained attached to the sample. The other side of the section was then attached to 
an Omniprobe by platinum deposition, after which the bridge was cut and the section was completely free from 
the sample. Finally, the lift-out section was attached to a Cu grid using platinum deposition. An ultra-high speed 
Hikari EBSD camera system was used to investigate the crystallographic orientation, grain size and structure of 
the cross-section. For EBSD analysis, an accelerating voltage of 20 kV and a step size of 0.05 µm were used. 
 
RESULTS AND DISCUSSION 
1.  Investigation of surface morphology 
The surface morphology of 6 µm alkaline non-cyanide zinc electrodeposited on mild steel substrates at 25 mA/cm2 
is shown in Fig. 1. SEM analysis immediately after deposition showed that a large number of raised hemispherical 
features were present on the deposit surface (Fig. 1a). These features are referred to as “nodules”. Higher 
magnification imaging showed that the general surface was comprised of needle-like features of approximately 1 
µm in length and 100 nm in width (Fig. 1b). The needle-like features were randomly aligned over the deposit 
surface with no apparent preferred orientations. Similar structures have been reported in other published works 
for samples electrodeposited from other alkaline zinc plating baths [20][21]. A higher magnification SEM image 
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of one of the nodules is shown in Fig. 2. The nodules varied in size and some larger nodules were more than 20 
µm in diameter. Importantly, the nodules did not exhibit any typical whisker characteristics, such as striations, 
and were comprised of the same needle-like features as the remainder of the deposit; i.e. it can be concluded that 
the nodules were not any form of whisker eruption. Since SEM analysis was conducted immediately after 
deposition and the nodules were already present, it is clear that the nodules were formed during electroplating 
rather than developing afterwards. This assumption is further supported by SEM analysis of the nodules after 6 
months storage, which showed that the size and the shape of the nodules remained unchanged. 
2. Observation of whisker growth at room temperature 
SEM analysis showed that some incipient whiskers (~ 358 per cm2) (shown in Fig. 3), shorter than 1 µm in length, 
were present on the samples 23 days after deposition. After 4 months storage, an increased number (~ 2176 per 
cm2) of whiskers, the majority of which were in the form of large irregular eruptions, were present on the deposit 
surface associated with the nodules. Examples of such eruption-type whiskers are shown in Fig. 4a and b. A few 
filament-type whiskers were also observed, some of which were greater than 300 µm in length (Fig. 4c). These 
observations suggest that zinc electrodeposits on mild steel substrates prepared from alkaline cyanide-free zinc 
plating baths were prone to develop whiskers rapidly at room temperature. Importantly, it was observed that, up 
to 4 months storage, all the whisker growth was associated with the nodules. No whiskers were found growing 
from a planar region of the deposit. However, 5 months after deposition, a few small whiskers (~ 86 per cm2) were 
observed growing from a planar region of the deposit (Fig. 5a). 10 months after deposition, an increased number 
(~ 599 per cm2) of large whiskers growing from planar regions of the deposit were present (Fig. 5b). On the basis 
of these findings, whisker growth from planar regions of the deposit occurs much later than that associated with 
the nodules. It can be deduced, therefore, that the presence of the nodules on the surface was not a prerequisite 
for whisker growth, but promoted whisker growth by markedly shortening the incubation time. Therefore, the 
nodules must have some unique characteristics that are favourable for whisker formation compared with planar 
regions of the electrodeposit. 
To understand the relationship between the nodules and whisker growth, three samples electrodeposited at 25 
mA/cm2 were prepared and five nodules on each sample were selected for periodic analysis in the SEM; an 
example of one such nodule is shown in Fig. 6. Changes to the surface morphology of the nodule were first 
observed 29 days after deposition (Fig. 6b). A series of parallel lines, which have the appearance of a “staircase”, 
were present on the surface of the nodule. Such lines are henceforth termed “staircase structures”. 44 days after 
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deposition, a small whisker was observed growing from the top surface of the nodule in the region that had 
developed a staircase structure (Fig. 6c). SEM analysis 68 days after deposition showed that the original whisker 
had become larger and further whiskers had developed on the staircase structure (Fig. 6d). Also, further staircase 
structures had formed elsewhere on the nodule. It was observed that within one month of deposition, staircase 
structures were present on the surface of most nodules. Once a staircase structure appeared on a nodule, subsequent 
whisker growth would typically follow. It was noted that whiskers only grew from the staircase structures rather 
than other regions on the nodules (Fig. 7a), i.e. it appears that a whisker was “extruded” from one or more steps 
of the staircase structures (Fig. 7b). SEM analysis after 10 months storage showed that all the nodules with 
staircase structures present had developed whiskers, whilst no whiskers were observed in the absence of staircase 
structures. It is suggested that the staircase structures are pre-cursors to the growth of zinc whiskers associated 
with the nodules. Up to 10 months storage, no staircase structures were present on a planar region of the deposit. 
This may be the reason that the incubation time for whisker growth from a planar region of the deposit is 
considerably increased. All these observations suggest that the formations of nodules and the subsequent 
development of staircase structures are responsible for the shortened incubation time for whisker growth.  
To further investigate the development of the staircase structures, periodic SEM analysis was carried out to 
monitor the change in whisker growth and the associated staircase structures on a nodule as a function of storage 
time. The first analysis was undertaken 5 weeks after deposition (Fig. 8a) and the second analysis was after a 
further two weeks (Fig. 8b). On the second analysis, it was observed that, not only had the whisker become slightly 
larger, but also that the width of the staircase structure had increased, i.e. the staircase structures were developing 
along with whisker growth. Also, it was noted that, two small pores on the right hand side of the whisker (circled 
in Fig. 8a and 8b) that were initially separated by a distance of 1 µm had moved further apart to 1.25 µm after 2 
weeks further storage. On the basis of these findings, it is thought that the original surface of the nodule was 
expanded by the inclusion of new material, as the whisker and the staircase structure were growing. In other words, 
the as-deposited surface of the nodule itself was not transformed to create the increased width of the staircase 
structures. Additionally, from Fig. 6, it is apparent that even though whiskers of significant size were formed on 
the nodule surface, which would have required a large volume of material in their formation, the apparent size of 
the nodule was not decreased. All these observations suggest that the nodule itself was not consumed by the 
whisker growth. It is speculated that the development of the staircase structures and subsequent whisker growth 
was probably supported by the long range diffusion of zinc. 
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3. FIB cross-section analysis of nodules 
Several nodules were cross-sectioned four months after deposition using a focused ion beam (FIB) technique. FIB 
analysis of nodules with and without whiskers growing from them is shown in Fig. 9a and b. In both cases, a 
cavity was present beneath both of the nodules. To date, a cavity has been observed beneath every cross-sectioned 
nodule (more than 20 nodules have been cross-sectioned), irrespective of whether a whisker is growing from it or 
not. It is noteworthy that the thickness of the deposit above a cavity was similar to that of the adjacent planar 
deposit and that the apparent increase in deposit thickness was solely due to the presence of the cavity beneath the 
nodule. FIB analysis of nodules on freshly electroplated samples showed that the cavities were already present; 
i.e. the nodules and the cavities were formed during deposition rather than developing afterwards. The mechanism 
for the development of the nodules and cavities was discussed in detail in a further zinc whisker paper published 
by the authors [22]. 
The effect of nodule formation on zinc whisker growth has also been investigated previously. Fortier and Pecht 
[11] found similar features on their freshly-prepared zinc electroplated steel samples. On the basis of EDS analysis, 
they reported that nodules contained a much higher level of oxygen compared with adjacent regions where nodules 
were not present and could be favourable sites for whisker growth. On the basis of their findings, EDX analysis 
was undertaken to determine whether the shortened incubation time for whisker growth from nodules in the 
current study could also be attributed to increased oxide formation on the nodule surface. The oxygen content and 
distribution in the regions containing nodules and the adjacent regions where nodules were not present was 
examined by EDX analysis, which indicated that there was no variation in oxygen levels. Both of the regions 
contained very little oxygen. These observations were not in agreement with Fortier and Pecht’s investigations. 
However, EDX is not a very sensitive way to measure surface oxygen content, and thus it cannot be completely 
concluded that zinc oxidation was not associated with whisker growth from nodules.  
4. FIB induced artefacts 
From the FIB images, regions showing a different contrast to that of the normal deposit (dark grey areas arrowed 
in Fig 9a and b) were always present on the inner surface of the cavities. TEM/EDS analysis, shown in Fig. 10, 
indicated that these regions were predominantly iron. The diffraction pattern obtained from such regions was 
comprised of diffuse rings, different to that of the substrate iron, which indicates that the iron in the dark grey 
areas was amorphous or nanocrystalline. These results suggest that the dark grey features were iron sputtered from 
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the substrate during ion milling, which then re-deposited onto the inner surface of the nodules. Therefore, such 
features are an artefact of the FIB milling processes and not associated with either the electrodeposition process 
or whisker growth. 
5. Recrystallisation and whisker growth 
EBSD analysis of FIB lift-out sections has been used to investigate the cross-sectional microstructure of zinc 
coatings, nodules and whiskers. A sample, which was prepared 4 months after deposition, contained an eruption-
type whisker growing from a nodule. The ion beam image and the crystallographic orientation map, shown in Fig. 
11, indicated that the zinc deposit and part of the nodule was composed of fine grains of approximately 2 µm in 
length and 200 nm in width. These grains were typically columnar with grain boundaries normal to the deposit 
surface. However, grains on the inner surface of the deposit at the apex of the nodule were equiaxed and much 
wider with a grain size of approximately 1 µm. The recrystallisation of these grains may be the first stage of the 
formation of whiskers. Furthermore, each whisker eruption was comprised of a single grain, the largest of which 
was around 7 µm in width.  
Another cross-section from the same sample was extracted 8 months after deposition. In this case, the cross-
section contained a whisker growing from a planar region of the deposit where no nodules were present (Fig. 12). 
The EBSD results showed that grains near the whisker root were equiaxed, considerably larger than the typical 
grain size of the as-deposited columnar structure and exhibited a different crystallographic orientation to the 
unrecrystallised regions. Therefore, it is established that whisker growth is associated with recrystallisation, 
irrespective of whether whiskers were growing from a nodule or from a planar region of the deposit.  
However, by only observing the microstructure after whisker growth, it cannot be established whether these 
recrystallised grains were already present immediately after deposition or formed after a certain incubation time. 
To more fully understand the point at which the recrystallized grains were formed, cross-sections were extracted 
and analysed from both a nodule and a planar region of a deposit straight after deposition. The crystallographic 
orientation map shown in Fig. 13 reveals that both the nodule and the planar region of the as-deposited coating 
were comprised of a fine columnar structure with no recrystallised grains evident. After a further 4 weeks storage, 
another cross-section was extracted from the same sample, this time containing a nodule upon which staircase 
structures were present but no whisker formation had occurred (shown in Fig. 14a). It is suggested that the location 
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of the recrystallised grains (indicated by an arrow in Fig. 14b) corresponds closely to the region on the surface 
where the staircase structures were present. Other regions of the nodule, where no staircase structures were present, 
retained their as-deposited columnar structure. From these results it may be inferred that the staircase structures 
on the surface of the nodule are formed as a result of the recrystallisation of the as-deposited columnar grains. 
Given that subsequent whisker growth from the nodules occurs preferentially from the staircase structures, these 
observations clearly suggest that whisker growth is preceded by recrystallisation of the as-deposited columnar 
grains.  
The relationship between recrystallisation and Sn whisker growth has been reported by Boguslavsky and Bush 
[23], who hypothesised that the driving force for recrystallisation was the reduction of the interfacial energy of 
grain boundaries. During recrystallisation, certain grains continued to grow at the expense of the adjacent grains, 
and thus the number of grain boundaries was decreased and the total surface energy was lowered. Since zinc metal 
can readily recrystallise at room temperature (25ºC) [24] and zinc electrodeposits comprising of a columnar 
structure have been shown previously to be under compressive stresses [9][13], the recrystallisation process can 
occur spontaneously at room temperature to produce a strain-free structure. Boguslavsky and Bush suggested that 
whisker growth was, in essence, a form of abnormal grain growth, however, not all the recrystallised grains 
subsequently grew into whiskers, which means that those grains that grew as whiskers must have some unique 
characteristics compared with other grains. They summarised that grains with different crystallographic 
orientations will have different surface energies and those having a low surface energy will grow preferentially to 
relieve the stress. However, they did not provide detailed information with regard to the energetically favourable 
orientations for whisker growth. 
In the current study, the time dependent recrystallisation of the as-deposited columnar structure is thought to be 
associated with the difference in the incubation time between whisker growth from nodules and that from a planar 
region of the deposit. In the as-deposited condition, due to their geometry, the nodules were subjected to a larger 
stress compared with the planar deposit, which is favourable for recrystallisation to occur to relieve the stress; i.e. 
recrystallisation of the columnar structure occurs more rapidly within the nodules. This assumption was supported 
by the EBSD results (Figs. 11 and 12), which showed that, for whisker growth associated with nodules, in addition 
to the whisker grain, a significant number of other recrystallised grains were present near the whisker root after 4 
months storage, while for whisker growth from a planar region of the deposit, within eight months of deposition 
no other recrystallised grains were present near the whisker root except those that grew as whiskers. It is suggested 
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that the presence of the nodules accelerates the recrystallisation of the as-deposited columnar structure, and hence 
shortens the incubation time for whisker growth. 
6. Zinc whisker growth into cavities 
It was found that a number of large features were growing into the cavities beneath the nodules (Fig. 15). The 
features have the appearance of curved whisker eruptions and show a typical whisker morphology, e.g. striations 
are present on their surface. EDS and EBSD analysis of one such feature, shown in Fig. 16, indicated that it was 
composed of pure zinc with an increased grain size. Also, a long chain of recrystallised grains was observed 
linking the feature to the outer surface of the deposit. The size of the recrystallised grains increases as they 
approach the root of the feature at the inner surface of the cavity. The feature itself was formed by the growth of 
a single recrystallised grain. All these observations suggest that the feature was formed as a result of 
recrystallisation; i.e. the growth mechanism is similar to that which results in whisker growth from the external 
surface of nodules and the planar deposit. Hence, these features were thought to be zinc whiskers growing 
downwards into the cavity beneath the nodules.  
7. The effect of Fe-Zn intermetallic compounds on whisker growth 
Since it is well known that the presence of Cu-Sn intermetallic compounds is closely associated with whisker 
growth from tin electrodeposits on copper substrates [25,26], the formation of Fe-Zn intermetallic compounds and 
their possible role in zinc whisker growth has been investigated. Three cross-sections were extracted using a FIB 
lift-out technique from the surface of a 10-month old sample with whisker eruptions growing from a planar region 
of the deposit. Both ion beam and secondary electron beam imaging were used to observe the Fe/Zn interface, 
shown in Fig. 17. On the basis of this analysis, there is no obvious evidence of Fe-Zn intermetallic formation at 
the interface or within the zinc coating beneath the whiskers. Whisker growth from zinc electroplated steel does 
not appear to be associated with the formation of Fe-Zn intermetallic compounds. However, it must be 
remembered that these observations were made within 10 months of electroplating. Whether Fe-Zn intermetallic 
compound growth become apparent at extended time intervals is not known. Baated et al [8,9] reported that Fe-
Zn intermetallic compounds were not only formed at the Fe/Zn interface, but also within the electroplated zinc 
coatings on a specimen obtained from a computer room floor tile that has been in service for more than 10 years. 
They concluded that the presence of Fe-Zn intermetallic compounds could result in the development of 
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compressive stresses within the zinc film, and thus the subsequent growth of whiskers from the surface to relieve 
the stress.  
Interestingly, although no Fe-Zn intermetallic compounds were present, a large number of voids were observed 
within the zinc deposit (Fig. 17b). It is not known whether the presence of these voids is associated with zinc 
whisker growth. Fortier and Pecht [11] also observed voids in the deposit beneath zinc whiskers and proposed 
that whisker growth was associated with the oxidation of zinc metal that occurred on the deposit surface. They 
rationalised that the oxidation process produced voids near the surface, which then diffused downwards into the 
zinc film. The inward diffusion of the voids caused zinc atoms to migrate upwards to the surface and form 
whiskers. In the current study, voids were not only formed in the deposit beneath whiskers, but also randomly 
distributed throughout the entire coating layer, which may indicate that void formation was not uniquely 
associated with whisker growth. It is possible that these voids were generated by dissolved hydrogen incorporated 
into the deposit during deposition, due to the low cathode current efficiency (approximately 30 – 40%) of alkaline 
zinc electrodeposition. 
CONCLUSIONS 
Zinc electrodeposits on mild steel substrates prepared from alkaline cyanide-free zinc electroplating baths were 
prone to develop whiskers rapidly at room temperature. A number of long filament-type whiskers (> 300 µm in 
length) were present within 4 months of deposition.  
A large number of raised hemispherical nodules were present on the deposit surface immediately after zinc 
deposition. The incubation time for whisker growth from the nodules was considerably reduced from ~ 5 months 
to ~ 1 month compared with that from the planar deposit surface. Staircase structures were found forming on the 
surface the nodules, which were pre-cursors to the growth of zinc whiskers associated with the nodules. 
EBSD analysis of the cross-sectional microstructure of zinc coatings, nodules and whiskers indicated that the zinc 
deposit and the majority of the nodules were composed of fine columnar grains. However, recrystallisation of the 
as-deposited columnar structure occurred at the whisker root, irrespective of whether whiskers were growing from 
a nodule or from a planar region of the deposit.  
Both secondary electron and ion beam images showed no evidence of Fe-Zn intermetallic formation at the Fe/Zn 
interface or within the zinc coating beneath whiskers. It is suggested that, for the alkaline zinc electroplating 
investigated in this study, Fe-Zn intermetallic compounds are not associated with whisker growth. 
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FIGURE CAPTIONS 
Fig. 1 SEM images showing the surface morphology of a 6 µm alkaline non-cyanide zinc coating 
electrodeposited on mild steel at 25 mA/cm2: a) low magnification and b) high magnification 
Fig. 2 SEM image showing a typical nodule present on the surface of a 6 µm alkaline non-cyanide zinc coating 
electrodeposited on mild steel at 25 mA/cm2 
Fig. 3 SEM image showing an incipient whisker growth on the surface of a 6 µm alkaline non-cyanide zinc 
coating electrodeposited on mild steel at 25 mA/cm2 23 days after deposition 
Fig. 4 SEM images showing whiskers growing associated with nodules on the surface of a 6 µm alkaline non-
cyanide zinc coating electrodeposited on mild steel at 25 mA/cm2 4 months after deposition: a) and b) large 
irregular eruption-type whiskers and c) a long filament-type whisker 
Fig. 5 SEM images showing whiskers growing from the planar deposit surface of a 6 µm alkaline non-cyanide 
zinc coating electrodeposited on mild steel at 25 mA/cm2: a) a small whisker present 5 months after deposition 
and b) a longer filament-type whisker present 10 months after deposition 
Fig. 6 SEM images showing the evolution of whiskers on a nodule on the surface of a 6 µm zinc coating 
electrodeposited on mild steel at 25 mA/cm2 as a function of storage time: a) 2 h after deposition; b) 29 days 
after deposition; c) 44 days after deposition and d) 68 days after deposition 
Fig. 7 SEM images showing whisker growth associated with the staircase structures on nodules on the surface 
of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) whisker growth is always associated 
with the staircase structures and b) a whisker “extrusion” from the staircase structures 
Fig. 8 SEM images showing whisker growth associated with the staircase structures on a nodule on the surface 
of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) the first analysis undertaken 5 weeks 
after deposition and b) the second analysis after a further 2 weeks 
Fig. 9 FIB images showing the cross-section of nodules on the surface of a 6 µm zinc coating electrodeposited 
on mild steel at 25 mA/cm2: a) with whisker growth and b) without whisker growth 
Fig. 10 TEM/EDS analysis of dark grey areas present on the inner surface of a nodule that was cross-sectioned 
from a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) secondary electron beam image, b) 
ion beam image, c) Zn x-ray map, d) Fe x-ray map and e) TEM diffraction pattern obtained from the dark grey 
areas 
Fig. 11 EBSD analysis of a FIB lift-out section containing an eruption-type whisker growing from a nodule on 
the surface of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) ion beam image and b) 
crystallographic orientation map 
Fig. 12 EBSD analysis of a FIB lift-out section containing an eruption-type whisker growing from the flat 
deposit surface of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) ion beam image and b) 
crystallographic orientation map 
Fig.13 EBSD analysis, immediately after deposition, of a FIB lift-out section containing a) a nodule on the 
surface of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2 and b) the flat deposit surface of a 6 
µm zinc coating electrodeposited on mild steel at 25 mA/cm2 
Fig.14 EBSD analysis, 4 weeks after deposition, of a FIB lift-out section containing a nodule on the surface of a 
6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: a) electron beam image and b) crystallographic 
orientation map 
Fig. 15 FIB image showing a large feature growing into a cavity beneath a nodule on the surface of a 6 µm zinc 
coating electrodeposited on mild steel at 25 mA/cm2 
Fig. 16 EDS and EBSD analysis of a feature growing into a cavity beneath a nodule on the surface of a 6 µm 
zinc coating electrodeposited on mild steel at 25 mA/cm2: a) ion beam image, b) Zn x-ray map c) 
crystallographic orientation map 
Fig. 17 The cross-sectional microstructure of a 6 µm zinc coating electrodeposited on mild steel at 25 mA/cm2: 
a) low magnification SEM image, b) high magnification SEM image at the Fe/Zn interface and c) ion beam 
image 
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